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Im Rahmen dieser Arbeit werden zwei Perylen-Derivate als Zwischenschichten in Ag/organischen 
Schichten/GaAs(100)-Heterostrukturen eingesetzt, um den Einfluss von unterschiedlichen chemischen 
Endgruppen auf die chemischen und strukturellen Eigenschaften beider Grenzflächen, sowie auf die 
Morphologie, Struktur und Kristallinität von organischen Schichten zu charakterisieren. Die molekularen 
Schichten von 3,4,9,10-Perylentetracarbonsäure Dianhydrid (PTCDA) und Dimethyl-3,4,9,10-
Perylentetracarbonsäure Diimid (DiMe-PTCDI) werden durch organische Molekularstrahldeposition (OMBD) 
im Ultrahochvakuum auf S-passivierten GaAs(100):2x1-Substraten hergestellt. Weiterhin wird der Einfluss 
des Substrats untersucht, indem PTCDA-Wachstum auf H-passiviertem Si(100):1x1 durchgeführt wird. Als 
Hauptcharakterisierungsmethode wird die Ramanspektroskopie eingesetzt. Diese ist eine nicht-destruktive 
Methode, die auch in situ Untersuchungen des Wachstumsprozesses ermöglicht. Die komplementäre 
Infrarotspektroskopie sowie die Rasterkraftmikroskopie, Rasterelektronenmikroskopie und Röntgenbeugung 
(XRD) werden zur Ergänzung des Verständnisses der Heterostruktureigenschaften verwendet. Die 
Empfindlichkeit von Raman- und Infrarot-Spektroskopien auf die chemisch unterschiedlichen Endgruppen 
wird durch experimentelle Untersuchungen an PTCDA- und DiMe-PTCDI-Kristallen, beziehungsweise 
dicken Schichten und mit Hilfe theoretischer Berechnungen nachgewiesen. So wird zum ersten Mal eine 
vollständige Zuordnung der Schwingunsfrequenzen zu den internen Schwingungsmoden von DiMe-PTCDI 
vorgeschlagen. Im niedrigen Frequenzbereich der Ramanspektren werden die externen molekularen 
Schwingungsmoden, oder molekularen „Phononen“, die eine Signatur der Kristallinität darstellen, 
beobachtet. Die Phononen von DiMe-PTCDI werden in dieser Arbeit zum ersten Mal in einem 
Ramanexperiment beobachtet. Mittels resonanter Ramanspektroskopie wird die Detektion von C-H-
Deformationsmoden und C-C-Streckmoden sogar im Sub-Monolagenbereich molekularer Bedeckung auf 
Halbleiteroberflächen möglich. Anhand dieser Ramanspektren konnte die Art der Wechselwirkung zwischen 
Molekülen und passivierten Oberflächen näher charakterisiert werden. Zusätzliche Information bringen die 
GaAs LO- und Plasmon-gekoppelten LO- Phononen, deren Intensitätsverhältnis im Ramanspektrum die 
Bandverbiegung im GaAs-Substrat widerspiegelt. Die Kristallinität der hergestellten organischen Schichten 
mit Dicken größer als 2 nm wird durch Beobachtung der molekularen „Phononen“ nachgewiesen. Als 
allgemeine Tendenz konnte bewiesen werden, dass mit steigender Substrattemperatur während des 
Wachstums größere Kristalldomänen entstehen. Weiterhin wird eine Methode vorgeschlagen, um den Anteil 
von zwei PTCDA- Kristallphasen mit ähnlichen Gitterparametern anhand der Raman- beziehungsweise 
XRD-Spektren zu bestimmen. Durch ihre sehr gute Ordnung können die DiMe-PTCDI- Schichten als 
Modellsystem dienen, um eine Methode zu entwickeln, die die Molekülorientierung im Bezug zum Substrat 
aus polarisationsabhängigen Raman- und Infrarotmessungen bestimmt. Bei der Metall-Bedampfung wird die 
Empfindlichkeit der Ramanstreuung an internen molekularen Schwingungsmoden von PTCDA und DiMe-
PTCDI-Schichten durch oberflächenverstärkte Ramanstreuung (SERS) erhöht. Anhand der 
unterschiedlichen Signalverstärkungsmechanismen werden Informationen über die Ag/Molekül- 
Wechselwirkung und die Morphologie der Ag-Schichten abgeleitet.  
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   Chapter 1 
1 Introduction 
 
1.1 Applications of organic materials 
 
Modern life cannot be imagined without organic polymers (plastics) in the form of package or 
construction materials, or even as insulators in the electronic industry. Properties like optical 
photorefractivity or non-linearity were evidenced only in the 1960's and since then these issues 
remained the focus of concentrated research efforts [Pop99]. Another research field based on the 
electronic properties of organic materials emerged in about the same decade and expanded 
rapidly. This is driven by the practical aim of industry to use easily prepared and manipulated 
organic materials to replace expensive inorganic materials. Thus concepts like organic metals, 
organic superconductors or organic semiconductors became popular. It soon appeared that 
polymers were not well suited for rationalizing the charge transport owing to the very low control 
over any polymerisation reaction which mainly leads to amorphous materials with high 
concentrations of chemical impurities and chemical defects [Mül98]. Thus the focus moved to a 
class of smaller conjugated molecules and at the end of last century superconductivity in doped 
C60 was reported [Ram94]. The organic materials exhibiting semiconducting properties find a wide 
range of applications from gas sensors to electronic signal rectifiers and amplifiers [Pop99] as well 
as organic light emitting devices (OLEDs) [Pop99, For97]. Recently oligothiophene based organic 
field effect transistors were shown to reach characteristics close to those of hydrogenated 
amorphous silicon [Mül98]. The brightness and range of colours obtained in OLEDs are of the 
order of those obtained in inorganic based diodes [Mül98]. In addition OLED matrix displays 
present a wide viewing angle and can function in a broad temperature range at low power 
consumption [Kow00]. These achievements open the perspectives of low cost and large area 
devices. On the other hand, the organic molecular semiconductors will also open ways for a 
scaling down of devices [Mül98]. The belief that such devices will soon become reality is based on 
the trust in the ability of chemists to tailor the electronic properties by subtle chemical 
modifications of basic molecules.  
Another very promising approach is to use organic thin films as active interlayers in 
metal/inorganic semiconductor junctions with applications in high-frequency and microwave 
technology. Recently it was shown that the usage of a perylene derivative 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA) in hybrid Ag/PTCDA/InP [Kow98] and 
Ag/PTCDA/GaAs [Par02] junctions results in a lowering of bias voltages. An estimate of 42 GHz is 
given for the high frequency limit for an optimised InP device [Kow98] which is about one third of 
the frequencies obtained in nowadays commercially available GaAs Schottky diodes. By 
introducing a thin organic molecular film between Ag and GaAs(100), the effective barrier height 
systematically varies depending on the PTCDA layer thickness and the GaAs(100) surface 
treatment [Par02]. 
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1.2 Investigations of metal/organic/semiconductor 
heterostructures 
 
A recently started European project, DIODE (Designing Inorganic/Organic Devices), aims to 
define an appropriate molecule to be used as organic interlayer for the modification of metal/GaAs 
Schottky diodes (figure 1.1).  






(iv) The Interface between the  
Organic Molecules and the Metal
(iii) The Organic
Molecular Film
(ii) The Interface between 
Substrate and 
Organic Molecules
(i) The Substrate Surface
 





As learned from conventional inorganic diodes there is a close interconnection between the 
chemistry, structure and electronic band alignments at the metal/inorganic semiconductor 
interface and the device performance. The electronic properties of Ag/organic/GaAs interfaces 
were extensively investigated in reference [Par02] by means of X-ray and ultraviolet 
photoemission spectroscopies (PES) and near edge X-ray absorption fine structure (NEXAFS). 
Two model molecules belonging to the class of perylene derivatives were considered: 3,4,9,10- 
perylene-tetracarboxylic dianhydride (PTCDA) and N,N’-dimethylperylene 3,4,9,10-dicarboximide 
(DiMe-PTCDI). However, in organic-based heterostructures not only the metal/organic and 
organic/inorganic interfaces play a role but also the organic film structure is essential in 
determining the transport properties. In particular the polycrystalline nature of organic films [For97] 
may be a limiting factor for the carrier mobilities, since the highest mobilities to date were reported 
for highly ordered and trap-free materials, e.g. 10-1cm2/V·s in α,α’-dihexylsexithiophene [Mül98]. 
The aim of this work is to give a better understanding of the chemistry and structure at the 
above mentioned interfaces by probing the vibrational properties of the organic molecules by 
means of in situ Raman spectroscopy. The surface sensitivity of this non-destructive technique is 
enhanced using excitation energies in resonance with the HOMO-LUMO transition of organic 
molecules. The electronic properties in terms of substrate band bending at organic/GaAs 
interfaces are also accessible through the Raman active GaAs phonons. Furthermore, structural 
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properties and the morphology of organic films are investigated with Raman and infrared (IR) 
spectroscopies taking advantage of the basic knowledge gathered in the field of inorganic 
semiconductor thin films. Support is obtained from topographic imaging techniques, like atomic 
force microscopy (AFM) and scanning electron microscopy (SEM) as well as X-Ray diffraction 
(XRD).  
This work is organized as follows. Chapter 2 describes briefly the basic concepts of Raman 
and infrared spectroscopies that are relevant for the characterization of molecule/GaAs 
heterostructures. The assignment of molecular vibrational modes is listed based on previous 
literature for PTCDA and will be proposed based on experimental spectra of a crystal and thick 
films combined with theoretical calculations for DiMe-PTCDI. In Chapter 3 the experimental 
apparatuses are presented together with the methods for sample preparation. Chapter 4 
compares the results of Raman monitoring of the interface formation between organic molecules 
(PTCDA and DiMe-PTCDI) and passivated GaAs(100). The influence of the substrate temperature 
during growth on the morphology and phase distribution of organic films is investigated in chapter 
5 by means of Raman spectroscopy, AFM, SEM and XRD. A general trend is marked when 
comparing the growth of PTCDA on different substrates, i.e. GaAs(100) and Si(100), with the 
growth of DiMe-PTCDI on GaAs(100). A method for the determination of molecular orientation in 
the DiMe-PTCDI films is proposed in chapter 6 employing the results of Raman and infrared 
spectroscopies. The deposition of silver onto organic films of PTCDA and DiMe-PTCDI with 
different thicknesses is followed in situ with Raman spectroscopy and conclusions regarding 
chemistry and structure of the interfaces are presented in chapter 7. Finally some concluding 
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Chapter 2  
2 Theoretical background 
 
This chapter gives a brief theoretical insight into the structural and optical 
properties of the investigated systems as well as into the basic principles of 
Raman and infrared spectroscopies. Some symmetry-related concepts will be 
defined and the application of symmetry selection rules to the systems that are the 
object of this work will be discussed. 
 
2.1 Molecular semiconductors: electronic properties 
 
The molecule is the structural unit of organic crystals. The bonds between the atoms of the 
molecule are covalent with binding energies in the range of 1 eV, similar to inorganic crystals. For 
comparison the binding energy per valence electron in silicon is 1.16 eV [Iba93]. The molecules 
are held together by van-der-Waals interactions and the resulting binding energy is orders of 
magnitude lower. For example the lattice binding energy per valence electron in the molecular 
crystal of antracene is 0.019 eV [Kar74]. This quantity is small compared to the electronic 
separation between the molecular orbitals therefore the molecules retain their individual properties 
at large scale.  
The two molecules which are the object of this work belong to the class of hetero-aromatic 
systems, more specifically to the group of perylene-derivatives (figure 2.1): 3,4,9,10-perylene-






















1 2 3 4
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Figure 2.1 Chemical structure of PTCDA and DiMe-PTCDI. The molecular coordinates system is 
defined such that the xm and ym axis are parallel with the long and short direction of the molecules, 
respectively, and the zm axis is perpendicular to the molecular planes. The molecular mass is 392 
atomic mass units (amu) and 418 amu for PTCDA and DiMe-PTCDI, respectively. 
 
The geometry optimisation for isolated molecules was performed using a density functional 
(DF) method of Gaussian’98 (B3LYP, 6-31G(d)) [Gau98] and the resulting energy diagrams are 
presented in figure 2.2. Each molecular orbital level is labelled according to its relative position 
with respect to the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO).  
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PTCDA has a planar rectangular geometry consisting of a perylene core terminated by 
oxygen atoms in the dianhydride form. Three C2 axis of symmetry can transform the molecule into 
itself upon rotation with 180°, three planes show reflection symmetry (σ(xy), σ(xz), σ(yz)) and an 
inversion centre I is present. For simplicity the indices m for the molecular directions xm, ym and zm 
will be neglected when appearing as arguments of symmetry representations throughout the 
whole work. As a result the symmetry of all molecular orbitals can be described by the irreducible 
representations of the D2h point group. All the symmetry classes that are even/odd with respect to 
the inversion centre will be labelled with the indices g(gerade)/u(ungerade). Following Suzuki 
[Suz67] the orbitals are usually denoted by lower-case letters, and states by capital letters. As an 
example the symmetry of HOMO is au(xyz), that of LUMO is b1g(yz), and the corresponding states 
are Au and B1g (see figure 2.2). All states are singlet and the usual notation found in literature for 
the corresponding vibronic (electronic plus vibrational) states is S0 for HOMO, S1 for LUMO and S2 
for the next excited state accessible by a dipole allowed transition. E0-0 designates the transition 


















































Figure 2.2 Energy level diagram with respect to vacuum level of single molecules of PTCDA (a) 
[Kob03] and DiMe-PTCDI (b) [Kob02a], calculated with Gaussian ’98 B3LYP/6-31G(d).  
 
DiMe-PTCDI deviates from the planar geometry due to the two 3-dimensional methyl groups 
that bind to the perylene core via the nitrogen atoms. Two relative arrangements of the methyl 
groups are possible: in one of them the hydrogen atoms face each other (C2v symmetry), in the 
other they are rotated by 180° such that the molecule has an inversion centre (C2h symmetry). The 
electronic levels and vibrational frequencies are not influenced by the difference in the geometry, 
therefore the C2h group will only be considered later on, for the ease of comparison with PTCDA.  
Both HOMO and LUMO of perylene derivatives are mainly governed by the extended 
conjugated π-electron system composed of atomic 2pz wave functions [Sch00, Kob03]. Therefore 
the hydrogen atoms and small outer constituents hardly affect these orbitals. Transitions between 
HOMO and LUMO are generally dipole allowed with lowest energy. They are well separated from 
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the higher energy transitions, due to the large energy difference between HOMO and lower lying 
occupied orbitals and between LUMO and higher lying unoccupied orbitals. The symmetry and 
orientation of a transition dipole can easily be calculated from the direct product of the irreducible 
representations of the two states, following an algorithm described in [Fer94]. For example: 
Au⊗B1g=B1u(x) for PTCDA, and Au⊗Bg=Bu(x) for DiMe-PTCDI. It follows that the transition dipole 
lies along the xm molecular axis in both molecules.  
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Figure 2.3 Absorption spectra of PTCDA (a) and DiMe-PTCDI (b) films (50 nm each) deposited on 






The experimental ultraviolet-visible (UV-VIS) absorption spectra of isolated-like molecules 
(monomer) obtained from diluted solutions of PTCDA in dimethyl-sulfoxide (DMSO) and of DiMe-
PTCDI in chloroform are very similar in terms of line-shape [Hof00]. In both cases the vibronic 
progression of the S0-S1 transition with the E0-0 peak at 2.38 eV (PTCDA) and 2.36 eV (DiMe-
PTCDI) dominates the spectra. The energetic shifts in E0-0 are due to the dielectric constants of 
the solvent. A comprehensive analysis of the PTCDA monomer absorption was carried out by 
Scholz et al. in [Sch01] taking into account the participation of totally symmetric vibrations in the 
vibronic progression.  
In thin films grown on quartz substrates (figure 2.3) the E0-0 (S0-S1) transitions are red-shifted 
compared to the monomers in solution and the first absorption peaks appear at 2.22 eV (PTCDA) 
and 2.16 eV (DiMe-PTCDI). Moreover, the broadening is so large that the individual vibronic 
peaks are not resolved. The same holds for the S0-S2 transition, the dipole of which is oriented 
along the short molecular axis ym. The change in absorption line-shape of films (crystal) compared 
to monomer in solution is known as crystallochromy and was observed for a large number of 
perylene derivatives [Hof00]. For PTCDA it was shown that this change can be related to the 
transfer of Frenkel excitons between neighbouring molecules [Sch01], considering a regular 
arrangement of the molecules in the crystalline domains having finite-size. 
 










Figure 2.4 Crystal structure of α-PTCDA (a) and DiMe-PTCDI (b) generated in [Hof00] based on data from 
reference [Lov84, For97] and [Häd86], respectively. The projections of the 2x2 unit cells onto the b-c-plane 
(100), the a-b-plane (001) and onto the a-c-plane (010) are shown. 
 
 
The fact that perylene-derivatives grow in a quasi-epitaxial mode when thermally evaporated 
under vacuum conditions was experimentally verified on a variety of substrates ranging from 
metals to ionic insulators. An exhaustive review was made by Forrest in 1997 [For97]. In most 
cases the monoclinic crystallographic system (P21/c(C2h5)) is preferred. For PTCDA films two 
polymorphs are reported, whereas for DiMe-PTCDI only one crystal structure is known so far. 
When grown at room temperature PTCDA molecules were found to lie almost flat on the 
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substrates. The crystal parameters are summarized in table 2-1 and a graphic representation of 
four unit cells is depicted in figure 2.4. 
 
Table 2-1 Unit cell parameters for PTCDA and DiMe-PTCDI 
Parameter α-PTCDA1 β-PTCDA1 DiMe-PTCDI2 
Space group P21/c(C2h5) P21/c(C2h5) P21/c(C2h5) 
a/Å 3.74 3.78 3.87 
b/Å 11.96 19.30 15.58 
c/Å 17.34 10.77 14.60 
β/° 98.8 83.6 97.65 
Z 2 2 2 
d(102)/ Å 3.21 3.25 3.21 
1From ref. [For97], 2 From ref. [Häd86] 
 
Both molecular crystals have two molecules per unit cell arranged in a herringbone packing in 
each (102) lattice plane. The inclination of the molecular plane with respect to the (102) plane 
amounts to ~ 5° for PTCDA [Möb92] and ~ 8° for DiMe-PTCDI (calculated from crystal data in ref. 
[Häd86]). The distance between adjacent planes is ~ 0.32 nm, which is small compared to the 
other lattice constants. This causes strong interactions of the π-electron systems within the stacks 
perpendicular to (102) plane. The molecular arrangement within the (102) planes is governed by 
van-der-Waals interactions and by the formation of H-bridges (see section 2.2.3.1). 
 
2.2 Molecular semiconductors: vibrational properties  
 
A polyatomic molecule consisting of N atoms exhibits 3·N degrees of freedom, which means 
that 3·N coordinates are necessary to specify the position of all N atoms. Of these, three 
coordinates are sufficient to describe the translational movement of the molecule. Furthermore, for 
a non-linear molecule three additional coordinates (for example, Euler’s angles) are necessary to 
specify the orientation of the molecule in space. Thus 3·N(total)-3(translational)-3(orientational) = 
3·N-6 degrees of freedom remain available to describe the vibrations of atoms in the molecule. 
One can define a set of 3·N-6 normal internal vibrations that sum up with different weights to 
describe a certain molecular vibration. Their corresponding spatial patterns are called normal 
coordinates. Even without considering the molecular dynamics it is possible to classify the normal 
vibrations by applying the group theory [Fer94]. Each normal vibration will have a symmetry 
corresponding to one of the irreducible representations of the molecular point group. If the 
molecule has a centre of inversion the vibrations that are symmetric with respect to it (labelled with 
g) are usually Raman active and those that are anti-symmetric (labelled with u) show infrared 
activity. This is the case for PTCDA (D2h point group) and for DiMe-PTCDI (C2h point group) 
molecules. The representation of their internal modes are presented below: 
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ΓPTCDA = 19Ag+18B1g+10B2g+7B3g (2.1) 
 +10B1u+18B2u+18B3u  
 + 8Au  
 (108 internal vibrations)  
   
ΓDiMe-PTCDI = 44Ag+22Bg (2.2) 
 +23Au+43Bu  
 (132 internal vibrations)  
 
When molecules are brought together to build a crystal the total number of normal 
coordinates will be Z·(3·N), where Z is the number of molecules in the unit cell. If the molecules in 
the unit cell are identical and the internal vibrations are not degenerate, each internal vibrational 
state must split in Z levels as a result of in-phase and out-of-phase coupling of identical vibrations 
among the molecules in the same unit cell. The effect is termed Davydov splitting or factor group 
splitting. The symmetry of a vibration with respect to the symmetry elements of the crystal can be 
predicted employing the so-called correlation method [Fer94]. This requires the knowledge of the 
symmetry of the site occupied by the molecule in the crystal. The procedure is to correlate the 
molecular point group to the site group and then to the factor group.  
 
 
Table 2-2 Correlation table for the internal modes of PTCDA and DiMe-PTCDI in a monoclinic 
crystal 
Point group Site group Factor group 
Molecule 

























For example, PTCDA and DiMe-PTCDI have two molecules in the monoclinic unit cell and 
the site group of each molecule is Ci. In such a low symmetry group only the symmetry with 
respect to the inversion centre is preserved, i.e. all the 54 vibrations that initially had g character 
(and were Raman active) become Ag symmetric (table 2-2). In a unit cell with two molecules each 
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contributes with 54 gerade vibrations, hence the total number of Ag vibrations will be 2·54. Owing 
to the higher symmetry of the monoclinic factor group (C2h5) compared to the Ci site group, two 
symmetry classes are even with respect to the inversion operation: Ag and Bg. Accordingly, each 
of the 108 Ag vibrations in Ci transforms to an Ag or Bg vibration in C2h5 (table 2-2). Similarly all 54 
ungerade vibrations in one molecule become Au symmetric in the site group and will have either 
Au or Bu symmetry in the crystal group. A similar correlation can be done for DiMe-PTCDI (table 2-
2). The energetic separation between the vibrational levels depends on the strength of dipole and 
quadrupole interaction between the molecules in the unit cell. This issue will be addressed in 
section 2.2.5. 
The total number of degrees of freedom associated to internal vibrations is Z·(3·N-6). The 
rest of 6·Z degrees of freedom determine the orientation of the two molecules in space, i.e can 
describe movements of entire molecules, that is lattice vibrations. These vibrations will be termed 
as external modes, or simpler phonons. As in inorganic crystals, three of the phonons have 
acoustic character. From the remaining 6·Z-3 of optical origin, three have translational character 
and the rest involve rotations of the rigid molecules around their fixed axes. The symmetry of 
external vibrations is determined by irreducible representations of the crystal space group. As both 
PTCDA and DiMe-PTCDI belong to the same factor group with Z = 2, they have the same 
representations for external modes:  
 
Γext = 3Ag+3Bg+3Au+3Bu         (2.3) 
 
Six of the optical phonons are symmetric with respect to the inversion centre of the unit cell 
and are Raman-active and those with Bu symmetry are infrared active. The acoustic phonons have 
Au symmetry. 
 
2.2.1 Classical description of the Raman effect 
 
In its classical description the Raman scattering is treated as the radiation of light by a time-
dependent dipole M(t) which is induced in a molecule by the incident electromagnetic light and is 
modulated by the molecular vibrations. The highly monochromatic incident light required in Raman 
spectroscopy is provided by laser sources and the light frequency νL is usually much larger than 
the vibrational frequency νj involving the motions of nuclei. Therefore only the electrons can 
respond to the external electromagnetic field. The dipole moment induced in the molecule can be 
written as: 
M = α E+1/2 β E2+…          (2.4) 
Here E = EL⋅cos(2πνLt) is the electric field component of the incident light (with the amplitude EL), 
α is the electronic polarizability of the molecule (or susceptibility in inorganic crystals) and β is the 
hyper-polarizability which is responsible for the hyper-Raman effect. The polarizability depends on 
the electronic charge distribution ρ as: α=α(ρ). If the atomic configuration changes during a 
vibration, ρ and hence α will change. For sufficiently small displacements of the nuclei from the 
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αααα        (2.5) 
where q = q0,j cos(2πνjt) describes the nuclear displacement (normal coordinate) during the 
vibration with the amplitude q0,j and the frequency νj. The constant term α0 represents the 
polarizability at equilibrium position. The first order Raman effect is determined by the term linear 
in q, the second order effect by the term quadratic in q, etc. The expression of the induced dipole 
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The first term in equation 2.6 represents an oscillating dipole that radiates light with the same 
frequency νL as the incident light. The corresponding process is known as elastic scattering or 
Rayleigh scattering. The second and the third terms describe the inelastic scattering or Raman 






 Scattering or Raman tensor 
 
In general, the direction of the induced dipole M does not coincide with that of the electric 
field. Therefore the polarizability in the relation M = α E must be a second-rank tensor:  
x xx xy xz
y yx yy yz
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with σ,η = (x,y,z), the Cartesian coordinates of the laboratory system. For a given vibration with 
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The matrix constructed with the elements of the polarizability tensor derived with respect to the 
normal coordinate of the vibration j is denoted as Raman tensor or scattering tensor:  
 




j j j j
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        (2.10) 
Under non-resonant Raman scattering this tensor can be reduced to a symmetric form with 
j
ησ σηα α= . The coordinate system that enables this is called molecular coordinate system and its 
axes coincide with the molecular symmetry axes. Such a tensor can be defined for each symmetry 
class of vibrations and there are several books that tabulate the Raman tensors for all point 
groups, e.g. [Tur72, Car82]. Raman tensors of interest for this work, i.e. for the groups D2h and C2h 
are listed in Appendix A. 
The intensity of the light scattered by a certain vibration can be written as: 
( 2j )s iI K E Eδα= , where K is a constant, and Ei and Es are the electric field vectors for the 
incident and the scattered light, respectively. If the experimental geometry is chosen such that Ei || 
Es, (Ei ⊥ Es) this is called parallel (perpendicular or crossed) polarization configuration. The ratio 
between the intensity of scattered light collected in crossed polarization and the intensity collected 




          (2.11) 
and contains valuable information about the molecular orientation in a sample as it will be shown 
in section 6.1. 
2.2.2 Quantum mechanical description  
2.2.2.1 Harmonic oscillator 
 
In quantum mechanics the vibration of a molecule can be treated as a motion of a single 
particle (having the mass of the whole molecule, µ) in the electric field of the electronic gas. In a 
first approximation the potential of an electronic state (say HOMO) of a diatomic molecule 
depends parabolically on its normal coordinates:  
( ) 2
2
1 KqqV =           (2.12) 








ψ π µ ψ∂  + − ∂   =        (2.13) 
Solving Schrödinger’s equation with the condition that the wavefunction must be unique, finite and 






vv nhnE υ          (2.14) 
The resulting energy levels and the wavefunctions are shown in the diagram in figure 2.5. 
One should note that the lowest vibrational state does not coincide with the energy at the bottom 
of the electronic potential well. For the harmonic oscillator the energy separation between two 
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successive vibrational levels is constant and only transitions that change the quantum vibrational 
number by ±1 are allowed. The levels with nv=0 and 1 have the highest population density at RT, 
therefore the so called fundamental transition nv=0↔1 is the strongest in infrared and Raman 
spectra. Although in real systems the electronic potential should be approximated by a Morse 
potential (anharmonic oscillator) rather than a parabolic one, the harmonic oscillator approach 
combined with density functional theory leads to an appropriate estimation of the vibrational 





 Raman effect 
 
Scattering processes involve at least two quanta acting instantaneously (scattering time is in 
the order of 10-14-10-15 sec) with the conservation of the energy and momentum between the initial 
and final states of the light-matter system: 
(L S jh h h kν ν ν= ±       energy conservation          (2.15) 
L Sk k k= ±
G G
       momentum conservation   (2.16) 





 are the energy and momentum related a transition between the vibrational states of a 
normal vibration j. For a visualization of the energy diagram of the processes see figure 2.5. 
jk
In the elastic Rayleigh scattering a photon having the same energy as the incident one is 
emitted and the molecule/crystal remains in the initial vibrational state (figure 2.5). In the case of 
an inelastic Raman process the energy of the emitted photon is not the same as that of the 
impinging one and there is a net change in the vibrational state of the molecule. The Stokes 
process brings the molecule into a higher vibrational state, and the energy of the emergent photon 
is lower than νL (figure 2.5). During the Anti-Stokes process the molecule suffers a transition to a 
lower energy vibrational state and the emitted photon has a higher energy compared to the 
incident one (figure 2.5). Typically the intensity of the Rayleigh line is about 10-3 of the incident 
light intensity, while the Raman bands are at least another factor 103 weaker. 
An example of Stokes/Anti-Stokes spectrum is given in figure 2.6. As the population of the 
ground vibrational state is higher by a Boltzmann factor compared to that of the first excited state, 
the Stokes processes will be more probable than the Anti-Stokes ones [Deb87]. Therefore, the 
more intense Stokes Raman spectrum, on the low energy side of the exciting line is usually 
recorded. 
 


















Figure 2.5 Comparison of energy diagrams for infrared absorption (left diagram), and scattering 
processes: Stokes (S), Rayleigh (R) and Anti-Stokes (AS). Each energy level of the harmonic 
oscillators is labeled with the electronic quantum number (ne) and the vibrational quantum number 




The broadening of the Rayleigh band is 
dominated by the instrument resolution and can 
thus serve for the determination of the 
experimental resolution. The line-shape of a 
Stokes/Anti-Stokes band originates from the 
limited life-time of the vibrations broadened by the 
instrument. Generally, it can be described by a 
Lorentz function convoluted with a Gaussian type 
experimental resolution. When the width of the 
Gaussian function is small enough the line-shape 
of Raman bands can be approximated with a 
Lorentz function. The intensity of a band observed 






















Figure 2.6 Raman spectrum with Stokes and 
Anti-Stokes bands. 
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2.2.2.3 Resonance Raman effect 
 
A connection between the scattering tensor and the quantum interaction between the matter 
and radiation [Min75, Ham77] is provided by:  
( ) 1fg
e e g L e e f L e
f R e e R g f R e e R g
h i
σ η η σ
ησα υ υ υ υ υ υ
  = + − − + Γ − + + Γ 
∑ i     (2.18) 
Here g, e and f stand for the ground, excited (intermediate) and final state of the molecule.  and 
 are the vector components of the transition dipole moment operators with 
σR
zηR yx ,,, =ησ . The 
summation excludes the molecular eigenstates g  and f .  
If the incident photon energy h Lυ  approaches ge hh υυ −  the first term in equation 2.18 
becomes large so that the intensity of the Raman band at gf hh υυ −  increases enormously. This 
phenomenon is called resonance Raman scattering. More specific information can be obtained if 
expressing the total wavefunctions as the product of the electronic and vibrational wavefunctions. 
The equation 2.18 can then be written as: 
( ) ,gm gn A Bησ ησ ησα = +         (2.19) 
Where g is the electronic ground state and n and m are initial and final vibrational states, 
respectively. The A and B are commonly known as Albrecht’s terms [Fer94, Str77] and are given 
by: 
1
ne e g e
m n
ge eg g e e g
e v Lev gv ev




ησ υ υ υ= − − + Γ∑∑      (2.20) 
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∂∂=         (2.22) 
Here geM
σ  is a vibrational overlap integral between the ground electronic wavefunction g  and an 
electronically excited wavefunction e  with vibrational wavefunctions gv  and ev , respectively. 
sυ  and  represent the frequency and the transition dipole of a second excited state. The A 
term involves only one electronic excited state. It can be enhanced under resonance conditions 
(when the denominator becomes small) or in strong electronic absorption (M
j
esµ
ge becomes larger). 
The numerator contains the product of two overlapping integrals of vibrational wavefunctions 
(Frank-Condon overlap). Because of the orthogonality of the vibrational wavefunctions at least one 
of the integrals will become zero unless the equilibrium position is shifted upon the electronic 
excitation. This condition is satisfied only by the totally symmetric vibrations (figure 2.7). 
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The B term involves two electronic excited states 
and provides a mechanism for enhancement of the non-
totally symmetric vibrations. Besides the Frank-Condon 
overlap integrals the numerator of B contains qj 
dependent integrals. Therefore it does not vanish even if 
the equilibrium position is not shifted by the electronic 
vibration. 
In the case of PTCDA and DiMe-PTCDI Raman 
resonance appears along with the HOMO-LUMO 
transition and preferentially enhances the totally 
symmetric Ag modes via the A term. Vibrational modes of 
lower symmetry, e.g., B3g(xy), can contribute to the 
Raman signals via the B term if nearly degenerate 
electronic transitions with different orientations of the 
transition dipoles are available. As the HOMO-LUMO 
excitation is energetically well separated from all other 
transitions in the two molecules considered, such 
processes can contribute only in an off-resonant way to 
















Figure 2.7 Shift (∆) of the equilibrium 
position caused by a totally symmetric 
vibration. 
The resonance of Raman scattering and the effective increase by several orders of 
magnitude in the scattering cross section is particularly important for the study of extremely thin 
films, e.g. monolayers of perylene-derivatives shown in chapter 4 of this work.  
 
2.2.2.4 Infrared absorption  
 
For IR spectroscopy, the process of interest is absorption of an electromagnetic quanta with 
energy in infrared. The IR photon is absorbed by a molecular normal vibration inducing a dynamic 
dipole in a process where the energy and momentum must be conserved [Hir02]. In other words, a 
dynamic dipole can absorb a photon when the frequencies of the light and of the oscillation are the 
same (figure 2.5, left diagram) and the photon’s electric field is parallel to the charge oscillation. In 
contrast to Raman scattering the absorption of infrared radiation occurs without participation of 
intermediate virtual electronic states. The process can be quantified by measuring the ratio T 
between the intensity of the light transmitted through a sample and the intensity of the light 
incident on it. Absorbance is a dimensionless quantity related to the transmittance via A = -ln(T). 
An absorbance spectrum is commonly plotted as A versus frequency in wavenumbers. In practice 
when dealing with thin films on absorbing substrates the intensity of light transmitted through the 
sample is often very low, and decreases even more when the substrates have a rough back-side 
(like the GaAs substrates used in this work). In such cases reflectance is used to describe the 
sample properties: it is defined as the ratio of the light intensity reflected from the sample to the 
intensity of incident light. In order to separate the information related to the film properties the 
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reflectance spectrum of the sample can be divided by a reflectance spectrum from the bare 
substrate.  
 
2.2.3 Raman spectra of molecular crystals 
2.2.3.1 PTCDA 
 
The first vibrational spectra of PTCDA films were reported in 1987 by Aroca et al. who 
proposed an empirical assignment of internal modes [Aro87]. Several theoretical works have been 
devoted in the last three years to the study and identification of the vibrational modes. Scholz et al. 
used a density functional tight binding (DFTB) code and compared the frequencies of the 
calculated Ag modes with those observed in thin PTCDA films [Sch00]. A similar DFT time-
dependent method was used in the Gaussian ’98 package with several basis sets for the 
molecular wavefunctions. The correspondence between the resulting Raman active modes and 
the experimental ones are discussed in detail in [Kob03]. However, the calculations were all 
performed for non-resonant conditions, while the experimental spectra of films were obtained in 
resonance, therefore a direct correspondence between the calculated cross sections and the 
experimental ones must be considered with care. 
Polarization-dependent measurements performed on a single crystal using the 488 nm (2.54 
eV) Ar+ line enabled recently the first observation of the Davydov splitting in this system [Ten00]. 
The Raman spectra from [Ten00] are shown in figure 2.8. The Raman tensor for the Ag 
component of the Davydov doublet has three diagonal components of different magnitude and 
non-diagonal components, while the tensor of the Bg mode has only non-diagonal components 
(see Annex A). For the experimental geometry employed by Tenne et al. the Bg bands appear only 
in the crossed polarization geometry z(yx)z, while the Ag modes are present in both configurations 
depending on the magnitude of their Raman tensor components. 
Table 2-3 summarizes the assignment of the PTCDA modes observed under resonant 
conditions. The second and the third column contain the frequencies of Davydov components 
observed in a crystal [Ten00], the forth columns gives the calculated frequencies in a free 
molecule [Kob03]. The last two columns describe the symmetry of the corresponding vibrations in 
the isolated molecule and which part of the molecule is predominantly involved. For example a 
molecule breathing along the xm axis gives rise to the lowest frequency internal mode (233 cm-1), 
while the mode at 1303 cm-1 −with the highest cross section− is related to C-H bonds vibrations. 
The stretching of C-C bonds governs the modes around 1580 cm-1. There are two groups of 
modes, namely around ~ 1150 cm-1 and between 1320 and 1360 cm-1, where the assignment is 
still ambiguous due to their very similar cross section and polarization behaviour. 
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Raman Shift / cm-1  
Figure 2.8 Raman spectra of a PTCDA single crystal taken from [Ten00]. The symbols represent 
experimental frequencies (triangles) of Ag modes and the vertical lines represent calculated 
frequencies of Ag (thick lines) and Bg (thin lines) modes. 
 
Systems containing C=O and C-H groups in near vicinity are known to manifest a 
tremendous affinity for the formation of H bonds [Urb93]. Let us consider the (102) unit cell of α-
PTCDA. From the central molecule in the unit cell two H and two O atoms can be involved in 
formation of H bridges with a length of 2.088 Å, e.g.: H2 of molecule 1 (centre of unit cell) –O6 of 
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H1 H2 H3 H4
 
Figure 2.9 Schematic of a PTCDA unit cell (left) with possible H bridges: type I (thick horizontal lines): 
2.088 Å and type II (thin oblique lines): 2.179 Å. The numbering of H atoms is shown on the right hand 
side onto the elongation patterns of the two modes (right) expected to be strongly influenced by the 
formation of H-bridges. 
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2.179 Å can form between the molecules in the corners of the unit cell, e.g.: H8 (of molecule 2) − 
O4 (of molecule 5). The formation energy is of the order of 0.44 eV per H-bond, while the van-der-
Waals energy is ~ 0.33 eV per molecule [Suc02]. Thus the H bridges play an important role in the 
formation and stability of the PTCDA molecular crystal. The situation is similar for the DiMe-PTCDI 
crystal where the H-bond lengths are slightly larger, about 2.3 Å and 2.4 Å [Sch02a]. The effect of 
H-bridge formation is a charge redistribution that yields excess of positive charge on two hydrogen 
atoms and negative charge on other two oxygen atoms of each molecule. This implies a large 
polarization energy of the PTCDA lattice [Tsi01] and, on the other hand, may be responsible for 
the large shifts to lower frequencies of the C-H normal vibrational modes in the spectra of a crystal 
compared to the values calculated for the free molecule, e.g. for the modes depicted in figure 2.9. 
The amount of shift is of the order of those related to H-bridge formation in H-bonded Si-OH 
groups (~ 40cm-1) [Kyt97]. 
The observation of external modes in PTCDA was reported only in 2000 [Ten00, Kam00], 
(figure 2.11, left). The symmetry assignment was done by analogy with the modes reported for 
β-perylene [Kos83] which has the same monoclinic structure as PTCDA and therefore similar 
intermolecular forces can be assumed. Considering the difference in mass for the two molecules 
(mPTCDA = 392 amu and mperylene = 252 a.u.), the frequencies of PTCDA phonons were calculated 










        (2.23) 
The properties of phonons observed in PTCDA are summarized in the first six rows in table 
2-3. The frequencies calculated as described above are given in column five. The assignment of 
the mode at 60 cm-1 is not clear, since according to the comparison with the perylene phonons it 
should be a Bg mode, but in PTCDA it is observed in parallel polarization, as the Ag modes. The 
lowest energy phonons employ rotations around the xm axis of the molecules, while for the higher 
energy ones the molecules rotate around their zm axis [Muc02]. It must be noted that DFT 
methods (B3LYP: 3-21G) predict the existence of three out-of-plane (oop) internal modes below 
150 cm-1: one B2g (δC-C-C+ δC-O-C) mode at 78 cm-1, and two B1g (δC-C-C) modes at 99 cm-1 and 138 
cm-1. 
Muck et al. [Muc02] reported the presence of more than 6 modes below 125 cm-1 in Raman 
spectra measured at 20 K, some of them showing strong polarization dependence. They proposed 
a model that explains the large number of modes based on the coupling between internal and 
external modes mediated by pure van-der-Waals interactions. Although the number of the 
observed modes and their ordering was reproduced fairly well the calculated frequencies were 
highly overestimated in particular for the C-H and C=O related modes. 
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Table 2-3 Vibrational modes for a PTCDA single crystal [Ten00] and calculated vibrational 
properties for an isolated molecule using B3LYP:3-21G basis set of Gaussian ‘98. 
Raman shift / cm-1 B3LYP    3-21G Perylene*0.8 Symmetry Dominant CharacterPTCDA 
(xx) (yx) / cm-1 / cm-1   
 37  32 Bg 
41   42 Ag 
60   67 Bg 
75   75 Ag 
 88  81 Bg 
External 
modes 





232.9 236.2 233  Ag breathing along xm axis 
262.2 259.3 255  B3g (xy) νC=O 
388.2 387.6 389  Ag δC-O-C, δC=O 
— 430 437  B3g (xy) δC-C, δC-O-C in plane 
— 451 450  B2g (yz) δC-O-C, δC-C out of plane 
538.6 539.1 539  Ag νC-C radial 
562 — 598  B3g (xy) δC-C, δC-H 
625.6 623.3 627  Ag δC-O-C, δC-C, νC-C tangential 
725.7 — 732  Ag δC-C, δC-H, δO-C-C 
855 — 853  Ag δC-C, δC-H 
1052 1043.5 1059  Ag δC-O-C, δC-C, δC-H 
























1356  B3g (xy) δC-C 
1375.4 1373 1363  Ag δC-H 
1383.6 1381.8 1389  Ag δC-H, νC-C 
1451 — 1472  Ag δC-H, νC-C 
1572 1585 1591  Ag νC-C, δC-H 
1589.1 1588.3 1620  Ag νC-C, δC-H 
1615 — 1634  B3g (xy) δC-C along short axis 
Internal 
Modes 
1783 — 1800  Ag νC=O 
 




The literature is less rich in works devoted to vibrational properties of DiMe-PTCDI. Aroca 
was again the first to report Raman spectra of films and proposed an empirical assignment 
[Aro89], but reports on theoretical investigations are still lacking. For the mode assignments done 
in this work DFT methods were employed with the same basis set as for PTCDA (B3LYP: 3-21G). 

















Raman shift / cm-1  
Figure 2.10 Raman spectra of a DiMe-PTCDI single crystal. The symbols represent experimental 
frequencies (triangles) of Ag modes and the vertical lines represent calculated frequencies of Ag 
(thick red lines) and Bg (thin blue lines) modes. 
 
As in the case of PTCDA polarization measurements on a single crystal were performed 
under resonant conditions using an excitation energy of 2.54 eV (figure 2.10) and a resolution of 2 
cm-1. The measurements were carried out at room temperature in backscattering geometry under 
the microscope, with a focus size on the sample of ~ 0.8 µm2. The crystal was produced by high 
vacuum sublimation and had the dimensions: x:y:z ~ 20µm:5mm:200µm. XRD measurements 
showed that the crystal has a monoclinic symmetry with two molecules per unit cell. For the 
determination of the Raman mode frequencies and intensities in the spectra shown in figure 2.10 
a least square fitting algorithm with Lorentzian peaks was employed. The obtained frequencies for 
the parallel and crossed polarization spectra are tabulated in the second and third column of table 
2-4. In column five the intensities in parallel polarization relative to the strongest mode at 1301.4 
cm-1 are provided. The experimental depolarisation ratios are listed in column six. The calculated 
frequencies, the mode symmetry and their character are listed in column four, seven and eight, 
respectively. No scaling factor was applied to the calculated frequencies for consistency with the 
model applied to PTCDA [Kob03]. A large number of similarities can be found between the 
vibrational spectra of DiMe-PTCDI and PTCDA due to their perylene core, which determines the 
rectangular symmetry of both molecules. 
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Table 2-4 Vibrational modes of a DiMe-PTCDI single crystal and calculated vibrational properties 
for an isolated molecule using B3LYP:3-21G basis set of Gaussian ‘98. 
Raman shift        
/ cm-1 
B3LYP    
3-21G Intensity Depolarization Symmetry Dominant Character DiMe-PTCDI 
(xx) (yx) /cm-1 (xx)    
 30   — Bg 









69 68  0.06 0.18 Ag 
89 88  0.03 0.20 Bg 
External 
modes 





220.5 221.1 220 0.11 0.13 Ag breathing along xm axis 
239.3 238.2 238 0.06 0.04 Ag νN-C 
390.4 391 403 0.01 0.30 Ag 
core deformation     
+δC-O-C+ δC=O 
434.8 — 442 0.01 0.41 Ag  δC-C+ δC-O-C  
441.9 440.6 457 0.04 0.24 Bg  δC-O-C+ δC-C, oop 
538.9 539.1 542 0.03 0.30 Ag 
core stretch, radial+ 
δC=O  
569.3 568.8 580 0.11 0.11 Ag  δC-C+ δC-H+ δCH3 
720.4 718.9 733 0.01 0.64 Ag δC-C+ δC-N-C+ δC-H  
749.2 750.6 734 0.01 1.01 Ag δC-C+ δC-N-C+ δC-H 
848.7 847.5 882 0.01 0.47 Bg δC-H 
961.4 962 975 0.07 0.12 Ag CH3 rocking 
1085.9 1086.1 1103 0.11 0.07 Ag  CH3 rocking + δC-H 
1157 1155.7 1173 0.07 0.03 Ag CH3 rocking 
1181.7 1184.1 1205 0.04 0.11 Ag δC-H 
1203.2 — 1232 0.04 — Ag δC-H 
1290 1289.6 1320 0.49 0.08 Ag δC-H+ δCH3+ νC-N 
1301.4 1301 1347 1.00 0.09 Ag δC-H+ νC-C 
1318.5 — 1358 0.04 — Ag core deformation 
1370 1369 1383 0.35 0.14 Ag δC-H+ δCH3+ δC-N-C 
1381.4 1380.2 1391 0.91 0.09 Ag δC-H+ νC-C+ δCH3 
1454.6 1452 1469 0.11 0.27 Ag δCH3+ δC-H 
1520 1517.4 1554 0.22 0.55 Ag δC-H +νC-C 
1570.3 1568.9 1591 0.36 0.12 Ag δC-H +νC-C 
1581.3 1581.1 1618 0.12 0.17 Ag δC-H +νC-C 
1587.8 1587.2 1631 0.40 0.07 Ag δC-C+ δC-H  
1612.1 1610.8 1679 0.13 0.20 Ag νC=O 
Internal 
Modes 
1687.8 1689.0 1717 0.08 0.12 Ag νC=O+δCH3 
 
For instance the breathing mode at 221 cm-1 has the same character as the corresponding 
one in PTCDA and its frequency is by a factor 0.95 lower compared to the 233 cm-1 mode of 
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PTCDA. This factor is very close to the scaling factor obtained approximating both molecules 










= =        (2.24) 
As in the case of PTCDA a mode with out-of-plane (oop) character involving deformation of 
C-C and C=O bonds appears at 441 cm-1. The C-H deformation modes with some contribution 
from CH3 groups, or C-N stretching or bending appearing around 1300 cm-1 and 1380 cm-1 
dominate the spectra. The C-C stretching modes accompanied by C-H deformations govern the 
region around 1600 cm-1. There are few modes originating exclusively from the imide groups (-N-
CH3) in the spectra: a shoulder at 239 cm-1 stems from the stretching of C-N bonds, and the 
modes at 961 cm-1, 1086 cm-1 and 1157 cm-1 are due to the rocking of CH3 groups. 
In perpendicular polarization configuration z(yx)z the internal modes almost vanish. This 
leads to low depolarisation ratios (0.1 to 0.2) for most of the Ag modes involving vibrations of the 
perylene core. The few modes with depolarisation above 0.5 have either oop (Bg) or C-H or C-N-C 
deformation character. The amount of Davydov splitting is generally less than that observed in 
PTCDA due to different relative orientation of the molecules in the unit cell, as it will be shown in 
section 2.2.5.  
The external vibrational modes of DiMe-PTCDI were observed for the first time in a Raman 
experiment during this work. Their observation in a femtosecond pump-probe experiment has 
though recently been reported by Hasche et al. [Has01].  
Figure 2.11 shows the 
polarization dependence in the 
phonon region in both PTCDA 
and DiMe-PTCDI crystals for the 
experimental geometry shown in 
the insets. Although the relative 
intensities are different for the 
two crystals, a clear polarization 
dependence is observed in both 
cases. Modes that are strong in 
parallel polarization become very 
weak or even vanish in cross 
polarization, enabling the 
symmetry assignment proposed 
for DiMe-PTCDI in table 2-5. 
When rotating the DiMe-PTCDI crystal around the z axis the polarization behaviour changes and 
several modes appear at different frequencies. The frequencies are summarized for both 
situations in columns one to four of table 2-5. In column five the frequencies reported in reference 
[Has01] are provided. Columns six and seven contain the frequencies and the symmetry 
assignment proposed in [Has01] by comparison with the phonons reported for perylene [Kos83]. 

























Figure 2.11 Raman spectra of PTCDA (left) and DiMe-PTCDI 
(right) crystals with the sketch of the measurement geometry. 
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The correspondence in number of modes and frequency positions is good, except for the 
presence of two modes at 4.7 cm-1 and 25 cm-1. These were assigned to a Davydov splitted 
internal mode with Bg symmetry which is predicted by DFTB calculations to appear at 16 cm-1. On 
the other hand, the B3LYP:3-21G methods predict the existence of four Raman active internal 
modes with Bg(oop) character below 125 cm-1, but none of them has such a low frequency: 77 
cm-1, 86 cm-1, 111 cm-1, 112 cm-1 [Kob02a]. 
 
The mode at 25 cm-1 is also 
observed in the Raman 
spectra. Moreover, it was 
found that three modes 
located at 50 cm-1, 54 cm-1 
and 57 cm-1 correspond to 
the Bg mode at 57 cm-1 
reported by Hasche et al. 
[Has01], whereby the mode 
observed at 50 cm-1 
behaves rather like an Ag 
mode. Also the Raman 
modes at 96 cm-1 and 101 
cm-1 correspond to the same Ag mode in the time resolved experiment. The large number of 
modes could be understood in the frame of the model proposed by Muck et al. [Muc02] as 
originating from the coupling between internal and external modes. Since a comprehensive 
theoretical model is still lacking, the modes below 125 cm-1 will be considered as external modes 
according to the assignments in table 2-3 (for PTCDA) and table 2-5 (for DiMe-PTCDI) throughout 
this work, although they must still be regarded with care. 
Table 2-5 Frequencies of modes observed below 125 cm-1 in a DiMe-
PTCDI crystal compared with the experimental values from ref. [Has01] 
The symmetry assignment is made following [Has01] by comparison to 
the molecular phonons of β-perylene. All values are in cm-1. 
Crystal [Has01] Perylene*0.8 Symmetry
z(xx)z z(yx)z z(yy)z z(xy)z / cm-1 / cm-1  
25    4.7 + 25 - Bg 
 30 31 33 33 32 Bg 
37 37   43 42 Ag 
50 50 50  
57   54 
57 67 Bg 
69 68 67 69 71 75 Ag 
89 88 88 89 89 85 Bg 
 96   
  101 102 
105 96 Ag 
 
2.2.4 Infrared activity of PTCDA and DiMe-PTCDI 
 
Infrared spectra were recorded in reflection mode with a resolution of 4 cm-1 for films having 
the same thickness (~ 130 nm) grown on S-GaAs(100) (figure 2.12). The assignment of PTCDA 
modes was made according to [Kob03] and [Kob02a]. For the assignment of DiMe-PTCDI modes 
and their symmetry the same B3LYP:3-21G basis set of Gaussian’98 package was employed. The 
vibrational modes relevant for this work are characterized in table 2-6 for both molecules. 
The frequency of the in-plane modes at 1593 cm-1 arising from ring stretching in DiMe-
PTCDI is with only 1 cm-1 lower than in PTCDA. The C=O stretching modes, on the other hand, 
suffer severe shifts ranging between 73 cm-1 and 82 cm-1 to lower frequencies in DiMe-PTCDI 
compared to PTCDA. This is a consequence of replacing the O atoms in PTCDA with imide 
groups (-N-CH3) in DiMe-PTCDI with larger mass and different electro-negativity. In both 
molecules the νC=O modes with the dipole oriented along the xm molecular axis have higher 
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Figure 2.12 Experimental reflectance infrared spectra of PTCDA (black) and DiMe-PTCDI (grey) 
films and the corresponding calculated modes using B3LYP:3-21G methods represented by vertical 
lines in the lower part of the figure. 
 
Table 2-6 Comparison between the experimental infrared modes for PTCDA and DiMe-PTCDI films 




/ cm-1 Symmetry Dominant Character 




PTCDI PTCDA DiMe-PTCDI 
733 743 764 786 B3u(z) Au(z) 
δO=C-C+ δC-O-C+ 
δC-C-C, oop δC-H+ δC-C-C, oop 
809 809 853 859 B3u(z) Au(z) δC-H+ δC-C-C, oop δCH3+ δC-C-C, oop 




1053 1040 1032 B1u(y) Bu(x) νC-O+ νCC δC-H+ νring+ δCH3 
1236 1237 1256 1260, 1265 B1u(y) 
Bu(y);  
Bu(x) δC-H+ νC-C 
δC-H+ δring+ δCH3; 
δC-H+ δC-N-C 
1300 1285 1309 1317 B2u(x) Bu(y) δC-H+ νC-C δC-H+ δC-N-C+ δCH3
 1350, 1358  1346   Bu(x)  
νC-C+ δC-N-C+ 
δC-H+ δCH3 















δC-H + δring+ δCH3 
CH3 umbrella def. 








1696 1796 1715 B2u(x) Bu(x) νC=O νC=O+ δCH3 
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Another effect of the imide end-groups is the damping of modes involving the C-O bonds, 
like the νC-O+νC-C mode at 939 cm-1, the νC-O-C modes at ~ 1017 cm-1 and 1024 cm-1 or the νC-C 
mode at 1236 cm-1 in PTCDA and the occurrence of C-N bonds related modes in DiMe-PTCDI, 
e.g. νC-C +δC-N-C +δCH3 at 1350 –1358 cm-1. The assignment of the mode at 1449 cm-1 is still 
ambiguous since there are two candidates with significant contribution from CH3 vibrations. 
 
2.2.5 Davydov splitting: dipole-dipole approximation 
 
The following section is an attempt to explain the different amount of Davydov frequency 
splitting observed in PTCDA and DiMe-PTCDI crystals. The splitting ∆ is considered to arise from 




) of the 
molecules in the monoclinic unit cell:  








⋅ ⋅ ⋅ ⋅∆ ∝ ⋅ −  





      (2.25) 
where: ,and 1 1d d e=
JJG J
2 2d d e=
JJG JGJ
, with 1e and 2e  being the unit vectors that determine the 
directions of 1d  and 2d , considered to lie in the (102) plane as shown in figure 2.13. They form 
an angle +ϕ and -ϕ, respectively with the b crystallographic axis. 
The r  vector determines the distance between 
the dipole centres and forms an angle α with 
the b axis. In the first approximation the dipoles’ 
modules are considered equal for both 
molecular crystals and only the geometrical 
differences are taken into account. All 
parameters of interest were calculated based 
on the crystal parameters given in [Oga99, 
For97] for PTCDA and [Häd86] for DiMe-PTCDI 
and are summarized in table 2-7. The last row 
presents the amount of splitting normalized 
(∆relative) to the splitting in DiMe-PTCDI which 
has the lowest value. It can be seen that in the dipole approximation the splitting is expected to be 








Figure 2.13 Geometrical arrangement of dynamic 





This qualitatively reproduces the experimental trend, e.g. the splitting is 3.3 cm-1 and 0.6 
cm-1 for the low-frequency Raman breathing mode, or 1.7 cm-1 and 0.4 cm-1 for the most intense 
δCH modes in PTCDA and DiMe-PTCDI, respectively. The maximum frequency splitting observed 
among the Raman modes amounts to 8.5 cm-1 [Ten00] for the Ag mode at 1052 cm-1 in PTCDA 
and 2.4 cm-1 for the Ag mode at 1181.7 cm-1 in DiMe-PTCDI. For the νC=O(y) infrared active modes 
at 1731,1743 cm-1 in PTCDA and 1649, 1658 cm-1 in DiMe-PTCDI, the splitting is 12 cm-1 and 
9 cm-1, respectively. The discrepancy between the values predicted by this crude model and 
experiment may be caused by the presence of H bridges in the molecular crystals. Other factors 
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that influence the experimental splitting could be the coupling between vibrations with different 
character, or even mixture of crystalline phases. To date there is no reported theoretical study that 
predicts the vibrational Davydov splitting for dimers consisting of such large molecules. The 
largest molecular system to our knowledge for which a prediction of the low-frequency Raman 
spectra and the splitting therein was attempted is benzene, modelled by V. Spiro and co-workers 
using the Hartree Fock approximation [Spi99]. 
 
Table 2-7 Geometrical parameters of importance for the estimation of Davydov splitting (∆relative). 
Parameter α-PTCDA β-PTCDA DiMe-PTCDI 
Space group P21/c(C2h5) P21/c(C2h5) P21/c(C2h5) 
a’/Å 19.91 12.45 17.41 
b/Å 11.96 19.30 15.58 
r/Å 11.61 11.48 11.68 
α/° 59 33 48 
ϕ/° 42 52 18 
∆relative 2.8 2.2 1 
 
The arrangement of the PTCDA molecules in the unit cell quasi-perpendicular to each other 
may lead to optical isotropy in the (102) crystalline planes even in a well ordered crystal [Hof00]. 
The low angle (36°) between the DiMe-PTCDI in the (102) unit cell results in a strong optical 
anisotropy within this plane in ordered systems. For this reason some authors refer to DiMe-
PTCDI as quasi-1D system [Hof00, Has01]. 
 
2.2.6 Application of vibrational spectroscopies for the investigation of 
molecular orientation 
 
The application of Raman and infrared spectroscopies to the chemical and structural 
investigations of molecular crystals was briefly treated in the previous sections. In the last decades 
the field of interest is expanding towards the vibrational characterization of thin molecular films.  
The investigation of orientation is usually thought to be the domain of XRD, but in most 
cases where the objects of investigations are thin films high intensity sources are required, that 
are only available at synchrotrons. In early 1980’s it was shown that the intrinsic symmetry of the 
Raman tensors of specific vibrations can be used to monitor the molecular alignment in liquid 
crystals [Jen73]. Ever since several micro-Raman investigations were performed for nematic 
systems where the elements of Raman tensors are defined by their values averaged over one or 
two Euler angles [Dal85, Bur01], or cartesian angles [Bas01]. Similar approaches were also 
performed for polycrystalline films of phtalocyanines (Pc’s) considered to be an intermediate case 
between single crystal and disordered objects [Aro86, Dow91, Kol98, Bas98]. The reason why 
most of the orientational Raman investigations reported in literature are devoted to Pc derivates is 
their high symmetry point group D4h. This results in high symmetry vibrations with Raman tensors 
that can be approximated as having only one diagonal component different from zero. This 
simplification cannot be applied for most of the perylene derivates. 
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The polarization selection rules in reflection absorption infrared spectroscopy (RAIRS) have 
been extensively used to determine the orientation in organic films by Debe et al. [Deb91]. Also 
transmission and reflection measurements were used [Aro95, Ake88, Kam98] for orientation 
studies. For quantitative analysis the ratio of in-plane to out-of-plane modes can be considered. 
This method was successfully applied to PTCDA films on H-Si(111) substrates (which is isotropic 
in the plane parallel to the substrate) and a tilt angle of the molecular planes with respect to the 
substrate plane of ~ 9° was evaluated [Sch02]. Another approach makes use of the linear infrared 
dichroism manifested by highly ordered molecular assemblies. This has been used for example to 
characterize crystals of paraffins and fatty acids and also liquid crystalline and polymeric 
materials. These studies are often carried out in the transmission mode where the polarisation 
direction of the incident radiation is adjusted to intersect any direction of the system (e.g., the 
crystalline axes, the fibre axis in polymers or the director in nematics) perpendicularly [Bin99]. A 
theoretical approach for the crystalline case can be found in [Tur72]. 
 
2.3 Inorganic Semiconductors 
2.3.1 Band bending at surfaces 
 
An important aspect when considering semiconductor interfaces is the formation of an 
electrostatic potential barrier, the origin of which is a charge transfer across the interface. In the 
inorganic semiconductors this potential is commonly described in terms of bending of the energy 
bands and is referred to as band bending potential, Vs(z). The transfer of charge across the 
interface results in a carrier free layer immediately below the semiconductor surface, called 
depletion layer. The width d of this space charge region is usually extended up to several 
hundreds of atomic layers. 
A simple model describing the variation of the band bending potential as a function of the 
spatially extended space charge layers is the Schottky model. This assumes an uniform 
distribution of charge in the depletion layer, i.e. the electric field Es varies linearly with the distance 
z from the interface (see figure 2.14). Solving Poisson’s equation yields a parabolic decrease of 




⋅= εε )         (2.26) 
The width of the space charge layer d depends on the doping concentration N and the band 






        (2.27) 
The determination of band bending is generally assumed to be a domain of photoemission 
spectroscopy. The surface sensitivity is a necessary condition to allow accurate measurement of 
Vs but the escape depth of the photo-electrons limits the information depth to a few adsorbate 
layers while investigating an adsorbate-semiconductor interface formation [Bau96]. 
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Figure 2.14 Depth dependence of band 
bending Vs, of electric field Es, and of the 
Raman features LO and Ω- (reproduced from 
ref. [Geu93]). 
Due to the large penetration depth of photons 
Raman spectroscopy overcomes this 
inconvenience, even though it does not yield a 
direct value of Vs. Two scattering mechanisms can 
be used to extract the band bending from Raman 
spectroscopic measurements: the field induced 
Fröhlich scattering by longitudinal-optical phonons 
(LO) and the scattering from coupled 
plasmon-longitudinal- optical phonon (PLP) modes 
[Geu93, Bau96]. The latter is sensitive to the 
depletion layer width and will be addressed in this 
work. 
 
2.3.2 Electronic properties and Raman spectra: GaAs substrate 
 
Besides molecular vibrations, a number of other elementary excitations related to solid 
materials can be probed by Raman spectroscopy, e.g. optical phonons, plasmons, PLP, or single 
particle excitations. The PLP modes arise in doped inorganic semiconductors from the coupling of 
the LO with the collective plasmon excitations through the macroscopic electric fields of both 
excitations. As a result the original modes are replaced by two new normal modes labelled Ω- and 
Ω+, that preserve the longitudinal character [Var65]. 
In figure 2.15 Raman spectra of two differently doped n-type GaAs samples used as 
substrates in this work are shown. The concentration of Si dopant impurities are N1=1.8·1018 cm-3 
and N2=2.7·1018 cm-3. In both cases the spectra were recorded from oxidized (100) surfaces in the 
backscattering geometry employed later for the organic film growth (see figure 2.15, inset). This 
scattering configuration allows the observation of the PLP modes that stem from fluctuations in the 
lattice potential deformations (deformation potential, DP) in crossed polarization z(yx)z [Abs79]. 
For these heavily doped samples only the frequency of the Ω+ mode increases with the free carrier 
concentration, while the frequency of the Ω- mode remains equal to that of the transversal optical 
(TO) phonon. The TO scattering is forbidden for (100) surfaces. In addition to PLP modes, the 
pure LO mode is present in the spectra. This originates from the surface layer which is depleted of 
free carriers. The LO contributes to the Raman scattering via the DP mechanism, allowed in the 
given geometric configuration [Geu93]. All the measurements in this work were performed with the 
same excitation energy: 2.54 eV (λ = 488 nm). The corresponding penetration depth ( = 94 nm, 
from reference [Asp83]) is about four times larger than the surface depletion layer for the oxidized 
GaAs wafers used (d
λδ
1=23 nm for N1=1.8·1018 cm-3 and d2=19 nm for N2=2.7·1018 cm-3). For the 
determination of d1,2 a value of 0.78 eV [Bau96] was considered for the band bending in eq. 2.27. 
Figure 2.14 depicts the scattering efficiencies of LODP and Ω- as a function of depth z, where 
z equals zero at the semiconductor surface and increases towards bulk. A step-like carrier 
concentration is considered within the Schottky approximation [Geu93]. The scattering efficiency 
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of LODP is constant within the depletion region and vanishes abruptly at the end of depletion layer. 
In the bulk region LODP is replaced by the Ω-  which also has a constant scattering efficiency. 
While the total scattering volume is fixed by the light penetration depth, the scattering volume 
available for the existence of LODP is larger and the volume where scattering from Ω- can be 
induced is smaller in the sample with a larger width of the depletion layer. Therefore the intensity 
of LODP relative to Ω-  is larger in the sample with the lowest doping level. 






















Raman shift / cm-1  
Figure 2.15 Raman spectra of differently doped n-GaAs(100) wafers covered with natural oxide. 
 
N = 1.8 *1018 cm-3
For a sample with given N, surface treatments can influence the band bending. If the band 
bending increases, the depletion layer width is enlarged and Ω-  is gradually replaced by LODP and 
the relative intensity will increase accordingly. It was shown that for scattering configurations 
where both LODP and Ω- are present the ratio between their signals exclusively depends on the 



















LO        (2.28) 
Here  is the LO intensity of the sample with the depletion layer width much larger than the 
light penetration depth and  is the PLP intensity of the sample for zero band bending. In 
order to determine the relative intensities a least square error fitting procedure was applied to all 
the experimental spectra discussed in this work. The LO phonon was fitted either with a Gauss or 
a Voigt function (section 3.3), while for the Ω
( )0DPLOI ( )0_ΩI
- an asymmetric Lorentz function was used. The latter 
is a coarse approximation of damping effects residing in finite electron collision times that require 
a more complicated mathematical treatment relating the Raman cross-section of PLP with the 
Lindhard-Mermin dielectric function [Abs79]. 
 





In the first part of this chapter the experimental set-ups and the methods employed 
for the sample preparation are introduced. The techniques used for organic films 
characterization are summarized in the second section. 
 
3.1 Film preparation  
3.1.1 Ultra high vacuum (UHV) system 
 
The samples investigated in this work were grown in a UHV chamber with a base pressure 
of 2·10-8 Pa. The pressure raised to 8·10-8 Pa and 3·10-6 Pa during the thermal evaporation of 
organics and silver, respectively. Three Knudsen cells are available for organic molecular beam 
deposition (OMBD) and for metal deposition (figure 3.1). The chamber is also equipped with a 
combined low energy electron diffraction (LEED) - Auger electron spectroscopy (AES) system. 
The UHV growth chamber is optically coupled to a Raman spectrometer allowing in situ 
measurements to be performed (section 3.2.1). The sample transfer is realized through a transfer 

































Figure 3.1 Experimental set-up for in situ and ex situ Raman spectroscopy. 
 
 






P-type silicon (B-doped, 3-6 Ω·cm) (100) oriented substrates were wet-chemically treated 
under atmospheric conditions. The first step consists in 2 min etching in hydrofluoric acid (HF, 
40%) to remove the silicon oxide and the organic contaminants, and thereafter hydrogen-
passivate the dangling bonds on the surface. Secondly, rinsing in a buffered solution (HF + 
NH4OH + NH4F, pH 8-9) reduces the density of steps formed during the first processing step 
[Mön93]. The substrates were subsequently transferred into the UHV system. Low energy electron 
diffraction (LEED) showed a sharp 1x1 diffraction pattern of the hydrogen-passivated Si(100) 
surface. Additionally, AES revealed the absence of oxygen on the surface and a content of less 
than 0.1 monolayer (ML) of carbon contamination.  
 Gallium Arsenide 
The GaAs(100) substrates (n-type, Si-doped), with a donor concentration of 1.8·1018 cm-3 
and 2.7·1018 cm-3 were provided by Freiberger Compound Materials. In order to clean and 
passivate the surface, GaAs 
substrates were wet-chemically 
treated under atmospheric 
conditions. They were first 
degreased of organic 
contaminants by successively 
dipping into acetone, ethanol and 
de-ionised water in an ultrasonic 
bath, for 5 min each. The etching 
in S2Cl2+CCl4 solution (1:3) 
removes the oxides and 
chemically passivates the surface 
dangling bonds with sulphur 
atoms. The substrates are then 
rinsed in acetone, ethanol and de-
ionised water. The sulphur atoms 
in excess and residual alcohol 
molecules sticking to the surface 
are removed by annealing at 620 K in the OMBD chamber with a base pressure below 2x10-8 Pa. 
The resulting surface has a 2x1 reconstruction reflected in the sharp low energy electron 
diffraction (LEED) diffraction pattern. By analogy to a recent model proposed for Se-passivated 
GaAs(100):2x1 surfaces [Gon02] the treatment results in gallium-sulphur layers terminated by 
single S atoms [Kam03a]. The band bending is reduced compared to epi-ready substrate [Par02]. 
However, for the Se-passivated GaAs(100):2x1 system, it was shown that defects related to 







(CCl4, Acetone, Ethanol, Di-Water)
Annealing at 620 K, 30 min                   
(2x1) LEED pattern
HF(40%) etching (2 min)
(1x1) LEED pattern
OMBD and metal deposition
Rinsing




Figure 3.2 Schematic diagram of procedures used for the 
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3.1.3 Molecular and metal films 
 
The PTCDA and DiMe-PTCDI source materials were purchased from Lancaster Synthesis 
and Syntec GmbH. Both were twice purified by sublimation at 595 K and 575 K, respectively, 
under high vacuum (~ 10-4 Pa).  
Several series of samples were produced as shown in table 3-1. PTCDA films with nominal 
thickness of 40 nm were deposited onto H-Si(100):1x1 and S-GaAs(100):2x1 substrates 
maintained at various temperatures: 250 K, 295 K, 360 K and 410 K. DiMe-PTCDI films with the 
same thickness were deposited onto GaAs maintained at RT and 360 K. The substrate 
temperature was derived from the experimentally determined Raman shift of the Si and GaAs LO 
phonons (2.2  cm-1 / 100 K [Sch01a] and 1.8 cm-1 / 100 K [Wol98] ) which is linear in the relevant 
temperature range. Deposition of Ag was investigated for PTCDA and DiMe-PTCDI films 
deposited at RT onto S-GaAs(100). 
Table 3-1 Samples produced and investigated in this work. 





PTCDA H-Si(100) 230, 295, 360, 410 40 − 
PTCDA S-GaAs(100) 250, 295, 360, 410 40 − 
PTCDA S-GaAs(100) 295 0.32 15 
17.4 
43 
DiMe-PTCDI S-GaAs(100) 295, 360 40 − 




Organic molecules and silver were thermally evaporated from quartz and BN-Knudsen cells, 
respectively. All evaporation rates were externally calibrated by means of atomic force microscopy 
(AFM). The organic growth was monitored with a quartz microbalance. The evaporation rate of 
PTCDA and DiMe-PTCDI was 0.3 nm/min and 0.24 nm/min, respectively, unless another value is 
specified in text. The corresponding operation temperature of the Knudsen cells is 555 K and 545 
K, respectively. For higher substrate temperatures the sticking coefficient and hence the organic 
deposition rates differs. The growth was interrupted when the monitored Raman signals of PTCDA 
(DiMe-PTCDI) and Si (or GaAs) revealed the same intensity ratio as that obtained for a 40 nm 
thick PTCDA (DiMe-PTCDI) film grown at room temperature. The Ag evaporation rate was in the 
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3.2 Characterization techniques 
3.2.1 Raman spectroscopy 
 
The Raman spectra shown in this work were excited with the 488 nm (2.54 eV) emission line 
of an Ar+ laser. In few cases that will be specified in the text the 514.5 nm (2.41 eV) line of the 
same laser was used. The scattered light is collected by a Dilor XY 800 triple monochromator with 
a multichannel charge coupled device detector. The spectral resolution ranged from 2 cm-1 to 
~ 3.5 cm-1 as determined from the FWHM of the Rayleigh line.  
For the in situ measurements the angle between the incident and scattered light is fixed by 
the position of the corresponding UHV windows. The sample surface was always oriented parallel 
to the collection window, i.e. the scattered light was collected in the direction parallel to the sample 
normal. The incidence angle was 30°. The diameter of laser light focused on the sample was 
~ 300 µm. Ex situ measurements were realized in two geometries: micro- and macro-configuration 
(optical paths marked with dotted and dashed lines, respectively, in figure 3.1). In the micro-
configuration an Olympus BH-6 microscope is used. This experimental set-up realises a 
backscattering geometry, with both the incident and the scattered beam passing the microscope’s 
objective (x100). This was employed for investigations of the single crystals mentioned in chapter 
2. The macro-configuration geometry was realised with a right angle reflecting prism positioned 
behind the collecting lens of the spectrometer resulting in a backscattering geometry. The focus 
size on the sample is comparable with the one for the in situ macro-configuration, which is useful 
in investigations of long range molecular ordering (chapter 6). Another advantage resides in a 
small collection angle (~ 18°) which reduces significantly the depolarization effects encountered in 
micro-Raman measurements [Tur84].  
The laser power for the in situ measurements was measured before the UHV window. 
Typical power values were in the range from 50 mW to 200 mW for in situ measurements and 30 
mW for ex situ macro configuration. For micro-measurements the power measured under the 
microscope objective focus was at most 0.1 mW. The power densities lie below the damage 
threshold of the absorbing PTCDA and DiMe-PTCDI films and crystals in all configurations used. 
Two polarization configurations were used in the present work. The polarization of the 
analyser was always kept the same (vertical in laboratory coordinate system) and only the 
polarization of incident light was rotated. Taking as example the in situ measurements: in crossed 
polarization the electric field vector of incident light was in the plane of incidence and the electric 
field vector of the analysed scattered light was perpendicular to it; in parallel polarization both 
electric field vectors are perpendicular to the plane of incidence and hence also parallel to the 
sample surface. If the polarization configuration is not specified in the text it means that the 
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3.2.2 Infrared spectroscopy 
 
The infrared measurements were performed ex situ using a Bruker IFS 66 Fourier 
Transform Infrared spectrometer with a typical resolution from 1 to 4 cm-1. Transmission spectra 
from DiMe-PTCDI powder embedded in CsI pellets were recorded with a DTGS detector in a 
spectral range of 400-4000 cm-1. For the investigations of thin films a liquid nitrogen cooled MCT 
detector with higher sensitivity was necessary. The spectral range was limited in this case to 650-
4000 cm-1. For PTCDA and DiMe-PTCDI films grown on GaAs substrates transmission 
measurements were hindered by the rough back-side of the substrate. Reflection measurements 
were performed at various angles of incidence.  
 
3.2.3 Atomic force microscopy (AFM) 
 
The AFM measurements on PTCDA/S-GaAs system were performed in the Department of 
Solid State Physics in Chemnitz. An Autoprobe CP Thermomicroscope was operated in contact-
mode with a typical force of 2 nN. The DiMe-PTCDI/S-GaAs samples were investigated at 
Universidad Autonoma de Madrid with a commercial microscope (Nonotec Electronica S.L., 
Spain) operating in non contact tapping mode (spring constant k = 1 N/m, resonance frequency 
about 78 kHz) [Mor00]. The Ag/DiMe-PTCDI/S-GaAs samples were investigated at the 
Department of Solid Surface Analysis at University of Technology Chemnitz. 
 
3.2.4 Scanning electron microscopy (SEM) 
 
The SEM imaging was performed on a Philips SEM 515 machine at the Department of Solid 
Surface Analysis at University of Technology Chemnitz. The impinging electrons on the sample 
have a kinetic energy of 30 keV. Topographic imaging was possible for all the organic films 
investigated, which is an indication for their high electric conductivity. However, in order to improve 
the contrast a thin platinum film (~ 5 nm) was deposited by Ar sputtering onto the 40 nm PTCDA 
film grown at RT and onto the 40 nm DiMe-PTCDI films. This was proven to preserve the 
morphology of the organic film. 
3.2.5 X-ray diffraction (XRD) 
 
XRD and X-ray reflectivity (XRR) measurements were performed by Dr. A. Das in the 
Department of X-ray and Neutron Diffraction at University of Technology Chemnitz using a 
SEIFERT 3000 PTS diffractometer with CuKα (λ = 1.5415 Å) radiation. For recording the 
diffraction spectrum, θ-2θ scans in the range of 5° to 80° with a step width of 0.02° were carried 
out in Bragg-Brentano geometry. The SEIFERT X-ray diffraction software containing a reflectivity 
simulation programme was used for the simulation of X-ray reflectivity curves. 
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3.3 Spectra evaluation 
 
A non-linear least square fitting based on the Levenberg-Marquardt algorithm was employed 
for treating the Raman, IR, and XRD spectra. Single spectra were fitted using the Peak Fit Module 
of Origin ® 7.0 package [Ori02]. Each series of Raman spectra obtained during one growth 
monitoring process were fitted with the same set of starting parameters using a routine written 
using the Mathlab package [Mat01]. The few exceptions will be discussed in the text. Raman and 
IR spectra were fitted using Lorentzian functions (equation 3.1). An exception was the case of PLP 
modes of GaAs that were fitted with an asymmetric Lorentz function (formula 3.2). In some cases 
the background of Raman spectra was significant and was fitted with a Gauss function (equation 
3.3). XRD peaks were fitted with Voigt functions (equation 3.4). 
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Here A, I0 and x0 are the peak area, height and position, respectively. For Lorentz and Gauss 
functions w is full width at half maximum (FWHM). For the asymmetric Lorentz function w is half 
width at half maximum (HWHM) In the case of the Voigt function wL and wG are the Lorentzian and 
Gaussian widths. 
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Chapter 4 
4 Raman investigations of thin organic film 
formation 
 
The growth of PTCDA and DiMe-PTCDI films on S-GaAs(100) substrates was 
monitored in two spectral regions. In the region of the most dominant internal 
modes with C-H and C-C character (between 1225 cm-1 and 1650 cm-1) recording 
of spectra was possible already for sub-monolayer coverage but required long 
accumulation times, employing the interruption of the growth process. Therefore 
only step-wise depositions are shown in order to follow more subtle changes in the 
vibrational pattern of the molecules having intimate contact with the substrates. 
The low frequency region (30 cm-1- 600 cm-1) containing the internal and external 
modes related to the organic films as well as the substrate features was monitored 
on-line. 
 
4.1 Raman spectra of organic monolayers  
4.1.1 PTCDA/S-GaAs(100) 
 
The evolution of PTCDA modes having contribution from C-C and C-H vibrations as a 
function of film thickness is presented in figure 4.1 (a) and (b) in crossed and parallel polarization, 
respectively. All spectra are normalized by multiplication with constants to the height of the νC-
C+δC-H mode at 1572 cm-1. The thickness of the as-deposited films was calculated from the 
deposition time at a deposition rate of 0.3 nm/min. We define the thickness of one monolayer (ML) 
as the distance between two (102) planes of the PTCDA crystalline lattice: 1 ML ≅ 0.32 nm, in the 
assumption that they are parallel to the substrate plane, i.e. the PTCDA molecules themselves are 
parallel to the substrate plane (see chapter 5). Noteworthy, even for a sub-monolayer coverage 
(0.18 nm) of PTCDA the detection of the Raman signal was possible using an incident light with 
energy of 2.54 eV which is situated in the S0-S1 absorption band of PTCDA (see figure 2.3).  
The Raman spectrum of a 40 nm thick PTCDA/S-GaAs(100) film will be considered as a 
reference in this section, since it resembles in terms of line-shape and frequency positions (with a 
few exceptions that will be addressed in section 5.1.2) that of a single crystal of PTCDA. The 
elongation patterns calculated for the strongest modes in the reference spectrum are shown in 
figure 4.1, (d) to (f).  
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All the spectra in figure 4.1 (a) and (b) were fitted with Lorentzian functions and the resulting 
peak areas and the Raman shifts relative to the peak positions in the reference spectrum are 
(a)
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(d) exp. 1303 cm-1/ cal. 1346 cm-1 
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(e) exp. 1377 cm-1/ cal. 1363 cm-1 
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(f) exp. 1572 cm-1/ cal. 1591 cm-1 
Figure 4.1 Raman spectra (left hand side) in the region of C-C and C-H modes for several thicknesses of 
PTCDA films on S-GaAs(100), taken in crossed (a) and parallel polarization (b) configuration geometries. 
Calculated Raman spectra of neutral, negatively and positively charged molecule are displayed in (c). The 
calculated spectrum for a PTCDA molecule with a passivated Si atom above the molecular plane is shown 
with dotted line in (c). Elongation patterns of several modes of the neutral molecule are represented in (d), 
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plotted as a function of the film thickness in figure 4.2. Several differences can be noticed when 
comparing the spectra of the 0.18 nm thick film with that of the 40 nm thick film of PTCDA. A novel 
mode having high intensity is observed at 1290 cm-1. Since this mode is not detected in the 
spectrum of the 40 nm thick film, the frequency position observed in the spectrum of the 0.18 nm 
PTCDA film will be considered as reference. The other modes are shifted towards lower 
frequencies compared to the 40 nm film. The largest shift (2.4 cm-1) is noticed for the C-C stretch 
mode at 1572 cm-1 (see figures 4.1 and 4.2). The amount of shifts is reduced for the normally 
active Raman modes, e.g. 1303 cm-1, 1377 cm-1 and 1572 cm-1, upon increasing film thickness to 
0.45 nm. The intensities of these modes increase, while that of the 1290 cm-1 band remains 
almost constant. From this spectral evolution it becomes evident that in the 0.18 nm and 0.45 nm 
thick PTCDA films there are molecules experiencing a different type of interaction compared to the 
inter-molecular interactions specific to thicker films and single crystals of PTCDA. The spectral 
contribution and hence the number of such molecules remains constant upon increasing the 
coverage above 0.18 nm.  
 
In order to study the 
strength of molecule - 
substrate interactions 
responsible for the above 
mentioned spectral feature, 
a 14 nm thick PTCDA film 
was annealed at 623 K for 
30 min. This is above the 
temperature where the 
desorption of multilayers 
occurs. The latter was 
determined to be 598 K for 
PTCDA on glass substrates 
[Heu02]. Thus only 
molecules experiencing a 
bonding to the substrate 
stronger than the inter-molecular interactions can remain at the GaAs surface. The polarization 
dependent spectra of the annealed film are shown in the upper part of the figures 4.1 (a) and (b). 
The thickness of the PTCDA coverage remaining on the substrate was determined from the 
Raman spectra, comparing the height of the mode at 1572 cm-1 in the annealed spectrum with that 
of the same mode in the spectrum of the 0.18 nm film. This Ag mode occurs with high intensity in 
all films and except for its FWHM, the line-shape is invariant with respect to thickness variation or 
annealing. It was obtained that a number of molecules corresponding to ~ 0.04 nm remained on 
the surface, i.e. approximately 1/8 of a ML. 
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Figure 4.2 Evolution of peak area and Raman shift for selected modes 
as recorded in crossed polarization. The relative shift is calculated with 
respect to the Raman shift in the 40 nm film for the modes at 1303 cm-
1, 1377 cm-1and 1572 cm-1 and with respect to the frequency in 0.18 nm 
PTCDA film for the mode at 1290 cm-1.  
At the doping level used in our experiment (Nd=2.7·1018 cm-3), the number of Si dopant 
atoms on the (100) GaAs surface should be about 1012 cm-2 among 6·1014 cm-2 surface atoms. 
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Assuming PTCDA molecules lying flat on the substrate with the unit cell having the same 
parameters as the unit cell in the (102) plane in β-phase (see further discussions in this section), a 
nominal coverage of 0.04 nm would correspond to ~ 1013 cm-2, i.e. it is sufficient to cover all 
surface defect sites induced by Si dopant atoms. Additional high-energy defect sites might be 
missing S atoms, substrate domain boundaries and step edges [Ken98]. Thus it can be concluded 
that the molecules sticking on the surface after annealing at 623 K are those interacting with 
surface defects. In [Ken98] and [Par00] it was shown by means of scanning tunnelling 
spectroscopy (STM) and PES, respectively, that the PTCDA molecules that first arrive on the 
surface interact with defects. It appears from the present experiment that the molecules remaining 
on the surface after annealing are the same entities as those firstly arriving at the surface. 
Let us compare the spectral characteristics of the annealed film with those of the reference 
40 nm film and the as-deposited 0.18 nm thick film. The interaction between molecules and 
various defect sites may induce energy and phase relaxation channels for the Raman process 
different from those in the molecular crystal, leading to a broadening of bands and to different 
cross sections for different modes [Ste97]. The C-C stretching mode at 1572 cm-1 is shifted by 
only 1.3 cm-1 towards lower frequencies in the annealed film, i.e. less than that in the as-deposited 
0.18 nm film. However, the C-H deformation mode at 1377 cm-1, shifts by -3.3 cm-1 in the 
spectrum of annealed film (figure 4.2), i.e. more than in the as-deposited film. The asymmetric 
band at 1303 cm-1 is absent, while the novel mode occurring at 1290 cm-1 in the spectrum of as-
deposited 0.18 nm film is shifted by 1.3 cm-1 towards lower frequency and has a larger intensity 
than the C-C stretching mode at 1572 cm-1. Another notable difference is the presence of the 
normally infrared active band (B1u(y), δC-H) at 1243 cm-1 in the spectrum of the annealed film, 
suggesting that the symmetry of the molecules sticking at defect sites is probably lowered to Cv 
(by analogy with the case of D6h molecules described in [Mos80]).  
The origin of the band at 1290 cm-1 is still under debate. According to [Kob03] this mode 
corresponds to an Ag mode with a lower cross-section in the free molecule. In [Wag01], however, 
it is claimed to be a shifted variant of the 1303 cm-1 mode in a PTCDA crystal corresponding to 
molecules that suffer a strong bonding to Ag(111) substrates. Another possible origin might by a 
normally infrared active mode at 1301 cm-1 having B2u(x) and δCH+νCC character. Frequency 
calculations performed with B3LYP:3-21G (Gaussian’98) showed that the presence of a single Si 
atom (with all valence electrons saturated with H atoms) above the molecular plane of PTCDA 
induces shifts to lower values by at most –1.5 cm-1 in the frequencies of the other modes in the 
spectral region of interest, but shifts the modes at 1346 cm-1 and 1389 cm-1 (calculated for isolated 
molecule, 1303 cm-1 and 1385 cm-1 in experiment) by 2.7 cm-1 and 2.5 cm-1, respectively to lower 
frequencies (see figure 4.1 (c), dotted line). These results support the second hypothesis, id est 
the mode at 1290 cm-1 is a shifted variant of the 1303 cm-1. However, they show that even small 
changes in the molecular environment could lead to significant shifts in the frequency of these δC-H 
modes due to their pure C-H deformation character (see figures 4.1 (d) and (e) for the elongation 
patterns). Thus we may conclude that the band at 1290 cm-1 is characteristic for molecules having 
direct contact to the surface defects, while the band at 1303 cm-1 (the most intense in the spectra 
of a PTCDA crystal) is characteristic for molecules in molecular crystalline environment. 
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We will consider now several bonding mechanisms between the molecules and the 
defects, discuss their possible effects on the Raman spectra and compare them with the 
experimental observations. It will be assumed that a large number of defects are due to the Si 
dopant atoms at the GaAs surface.  
On clean, non-passivated Si surfaces it was found that a smaller aromatic molecule, 
namely benzene, can be easily chemisorbed. The adsorption geometry and the type of bonding is 
strongly dependent on the surface structures. On Si(111):7x7 surfaces the adsorption takes place 
via the π orbitals at low temperatures [Tag91] and with the formation of σ bonds at RT [Cao99]. On 
Si(100):2x1 surfaces the chemisorption takes place with the formation of two σ bonds between 
two Si atoms and two neighbouring C atoms or two C atoms facing each other. The process is 
accompanied by a rehybridization from sp2 to sp3. The chemisorption processes have dramatic 
consequences on HREELS spectra leading to shifts ranging from 20 to 50 cm-1 for C-H and C-C 
modes in the region between 1100 and 1700 cm-1, compared to the solid state benzene. Some 
modes vanished completely and a mode related to Si-C bonds was always observed around 950 
cm-1. Therefore we have attempted to calculate the Raman spectra of a PTCDA molecule with one 
or two of its C atoms σ-bonded to one Si atom, using the B3LYP functional with the 3-21G basis 
set (in Gaussian’98). The appearance of new Si-C modes was predicted in both cases in the 
region below 1000 cm-1, where the band intensities are too low to be detected for sub-ML 
coverages, even under resonant Raman conditions. However, none of the considered geometries 
leads to changes comparable with the experimental trend in the region of C-H and C-C modes. At 
this point it must be emphasized that the B1u mode at 1243 cm-1 and the band at 1290 cm-1 also 
occurs in the spectra of PTCDA films upon Ag deposition (see section 7.3). The electronic 
structure and the atomic mass of Si and Ag are much different. Therefore it seems very unlikely 
that a chemical reaction with formation of σ bonds would lead to the occurrence of the same 
modes in the Raman spectra of PTCDA. On the other hand, the tendency of molecules 
possessing π orbitals to form charge transfer complexes with transition elements is commonly 
recognized.  
The surface Si dopant atoms (or other defects) at the GaAs surface having one free (or 
missing) electron could easily be involved in processes of partial or total charge donation to (or 
acceptance from) the PTCDA molecules in direct contact. The spectral changes to be induced by 
the charging of a PTCDA molecule with one negative or positive elementary charge are shown in 
figure 4.1 (c) as obtained from calculations with the B3LYP functional (3-21G basis set) [Kob03, 
Kob02b]. Spectra were simulated by modelling each calculated mode with a Lorentzian function 
with FWHM of 3.5 cm-1 to account for the finite life-time. Both positive and negative ions show new 
normal vibrations around 1250 cm-1 and frequency shifts of 16 cm-1 and 18 cm-1 to lower values for 
the Ag mode at 1303 cm-1 (calculated 1346 cm-1). If this tendency is similar to the experimentally 
observed one, the dramatic changes predicted for the C-C modes at 1572 cm-1 and 1615 cm-1 in a 
charged molecule are not detected. For example the mode at 1572 cm-1 (calculated 1591 cm-1) 
should shift down by -18/-11 cm-1, and the one at 1615 cm-1 (calculated 1634 cm-1) by -61/-66 cm-1 
in the negative/positive ion. Therefore the exchange of an entire elementary charge can be 
excluded.  
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To conclude, the experimental observations cannot be explained by a chemical reaction 
with the formation of σ-bonds or by the transfer of one elementary charge between the PTCDA 
molecules and the surface defects. However, for many weakly interacting systems vibrational 
energy transfer at an interface is a fundamental process which controls the surface interactions 
[Per97]. Therefore we expect that the experimental findings will be explained by the presence of a 
fractional charge transfer between PTCDA molecules and the defects probably modulated by 
molecular vibrations and eventually accompanied by a molecular deformation. This process 
probably takes places via the π orbitals, similarly to the case of benzene adsorption on Si(111):7x7 
surfaces at low temperatures, or to the fractional CT in aromatic molecules with transition metals. 
Up to date no calculation which combines the two processes was performed in our group, and to 
our knowledge, there is no literature report on this topic. An attempt to separate the two issues will 
be made for the case of PTCDA – Ag, rather qualitatively, in the section 7.3.  
Let us now reconsider the Raman spectra of the as-deposited 0.18 nm thick PTCDA film 
(figure 4.1 (a) and (b), lowest spectra). This coverage corresponds to a number of 4·1013 
molecules per cm2 that is four times larger than the number of surface defects determined by the 
annealing experiment. Thus the signal should contain contribution from three types of molecules: 
molecules in contact with defects, molecules in contact with the passivated surface and molecules 
having additional contact with other molecules. The experimental spectrum, however, appears as 
a combination of the spectra of molecules interacting with defects and of the spectra of thick films. 
The B1u mode is absent and the intensity of the 1290 cm-1 mode is approximatively equal to that of 
the 1303 cm-1 mode. Thus from the relative intensity of the modes at 1290 cm-1 and 1303 cm-1 we 
may assume that at least half of the molecules at the surface are not interacting exclusively with 
the surface defects, but a direct correlation between the relative intensities of the two modes and 
the number of molecules is not straight forward, since the scattering cross section may be 
influenced by the environment. Consequently, the molecules interacting with the passivated 
surface must contribute to the spectrum in a similar way as the molecules involved in inter-
molecular agglomerations, hence the strength of the interaction between the molecules and the 
passivated GaAs surface must be comparable to that of the inter-molecular interactions. 
The weak character of the interactions involved in the adsorption of PTCDA on chalcogen 
passivated GaAs(100) was already proven by STM and PES in [Ken98] and [Par00]. Kendrick and 
Kahn reported a point-on-line coincidence for the orientation of the PTCDA unit cell on Se-
GaAs(100) substrates [Ken98, Ken98a]. The dimensions of the unit cell determined from STM for 
a PTCDA thickness of 6 nm were 1.33 nm x 2.05 nm, slightly larger compared to the unit cell 
dimensions in the (102) plane of β- PTCDA (1.25 nm x 1.93 nm, section 2.2.5). This indicates that 
the molecular planes are either parallel or tilted with a very small angle with respect to the 
substrate plane. No change in the unit cell parameters was observed up to that thickness. The 
long axis of the unit cell forms an angle of ~ -42° with the [011] direction of the substrate and, on 
the other hand, the long axis xm of the molecule in the centre of the unit cell forms an angle of 52° 
with the long axis of the unit cell in the β- phase (see section 2.2.5). This means that the long axis 
of the molecule in the centre form an angle of –10° with the [011] direction of the GaAs surface. 
Recent calculations showed that the size of the unit cell of S-GaAs(100):2x1 is by only 0.02 nm 
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shorter in the 2x direction compared to that of the Se-GaAs(100):2x1 [Gon02, Suc02]. Thus we 
can assume a similar orientation of PTCDA molecules on the two types of passivated substrates. 
Moreover, there is no molecular orientation that gives significant molecule-substrate orbital 
overlap on any of the two substrates, therefore the molecule-substrate interaction may be quite 
weak [Ken98] and governed mainly by van-der-Waals forces [Suc02].  
Considering only van-der-Waals type interactions between one PTCDA molecule and S-
GaAs(100):2x1 theoretical calculations predict a partial charge transfer with ~ 0.1 elementary 
charge distributed over the molecule [Suc02]. Recent photoemission measurements [Par01, 
Par02] reflect the presence of an interface dipole at the PTCDA/S-GaAs(100) interface which 
varies from –0.32 eV to 0.03 eV depending on the initial work function of the substrate. This 
corresponds to about one elementary charge transferred per 100 to 10 molecules. Interestingly, 




The spectrum of an as-deposited 
0.15 nm thick PTCDA film on H-
Si(100) (figure 4.3) is similar to that 
of the 0.45 nm thick film on S-
GaAs(100) (figure 4.1 (b)) in terms of 
relative intensities of the bands at 
1290 cm-1 and 1303 cm-1. This 
reflects the presence of a lower 
number of defects on the H-
passivated Si(100):1x1 surface 
compared to the S-GaAs(100):2x1 
surface. The interaction strength is 
comparable with that on S-
GaAs(2x1), considering the spectral 
similarities. An important role in 
preventing the molecular chemisorption –adsorption mechanism that was observed for benzene 
on clean Si(100):2x1 surfaces [Tag91]– or the strong charge transfer plays the passivation of 
dangling bonds of the top-most Si atoms with H atoms.  
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Figure 4.3 Raman spectra in the region of C-C and C-H 
modes for several thicknesses of PTCDA films on H-Si(100), 





After the annealing of a 20 nm film at 683 K for 15 min, about 0.1 nm PTCDA remains on the 
surface, as judged from the peak height of the band at 1572 cm-1 in the spectra of the annealed 
and of the 20 nm thick film. The spectrum of the molecules remaining on the surface after 
annealing has a large number of similarities to that of the annealed film on the S-GaAs substrate. 
However, the intensity of the modes at B1u at 1243 cm-1 and of the Ag band at 1450 cm-1 relative to 
that of the other Ag modes is larger compared to the case of PTCDA/S-GaAs(100). Considering 
the low level of doping (Na=3-6·1015 cm-3) of the Si(100) substrate the number of molecules 
remaining on the surface is too large to be trapped at boron acceptor impurity sites. T. Sakurai 
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and D. Hagstrum [Sak76] showed that the dihydride phase associated with the 1x1 surface 
reconstruction of Si(100) has a low thermal stability. After annealing in UHV at 593 K for 1 min the 
LEED pattern develops diffuse spots corresponding to a 2x1 superstructure. It must be noted that 
this temperature is by 5 K lower than the desorption temperature of the PTCDA multilayers 
[Heu02]. Further annealing at 673 K for 1 min leads to a much sharper 2x1 LEED pattern [Sak76]. 
In the present experiment the Si atom that loose one H atom may get involved in fractional charge 
transfer via the π-molecular orbitals of the neighbouring PTCDA molecule if the closest Si 
neighbour did not loose one of its H atoms yet. The probability that one PTCDA molecule interacts 
with more atoms on the annealed Si(100) substrate is high considering that the size of the Si(100) 
surface unit cell is ~ 0.5 nm x 0.5 nm [Tag91] and the size of PTCDA molecule is ~ 0.92 nm x 1.42 
nm. On the S-GaAs(100), on the other hand, there exists one Si atom in 300 surface unit cells, 
hence one PTCDA molecule can only interact with one Si atom. This would lead to a larger 
fraction of transferred charge for the PTCDA molecules on the annealed Si(100) compared to the 
S-GaAs(100) substrate and thus explains the differences in the relative intensities of modes in the 




For recording the Raman spectra of DiMe-PTCDI on S-GaAs(100) films with various 
thicknesses the excitation line of 2.54 eV of Ar+ laser which is located in the S0-S1 absorption band 
of DiMe-PTCDI (see figure 2.3) was used. The spectra are presented in figure 4.4. The thickness 
was estimated from the deposition 
time at a deposition rate of 0.24 
nm/min. As reference the spectrum 
of a 40 nm thick DiMe-PTCDI film 
was considered. All the spectra 
were fitted with Lorentzian functions 
and the resulting peak areas and 
the Raman shifts relative to the 
peak positions in the reference 
spectrum are plotted as a function 
of the film thickness in figure 4.5. 
The elongation patterns calculated 
for the strongest modes in the 
reference spectrum are shown in 
figure 4.6. 
 
In order to verify if the DiMe-
PTCDI molecules stick at the defect sites via interactions comparable to those between the 
PTCDA and the defects on S-GaAs(100), an annealing experiment was performed with a ~ 15 nm 
thick DiMe-PTCDI at 598 K for 10 min. This was sufficient to induce the desorption of the 
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Figure 4.4 Raman spectra in the region of C-C and C-H modes 
for several thickness of DiMe-PTCDI films on S-GaAs(100), 
taken in parallel polarization. Spectra are normalized with 
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multilayers, leaving a coverage of 0.08 nm DiMe-PTCDI on the substrate. The thickness of the 
remaining molecular layer was deduced by comparing the intensity of the band at 1570 cm-1 with 
that in the spectrum of a 0.36 nm thick film (taken under the same experimental conditions). 
The spectrum of molecules remaining after annealing presents a Bu mode at 1248 cm-1 
(figure 4.4). The C-H modes at 1290 and 1300 cm-1 merge into one band at 1287 cm-1. The two 
modes at 1369 and at 1380 cm-1 also merge into one band at 1375 cm-1. The shift of the C-C 
stretch band at 1570 cm-1 is very small (0.5 cm-1) and towards larger frequencies while the band at 
1289 cm-1 shifts to lower frequencies (figure 4.5).  
 
Table 4-1 Frequency positions (in cm-1) of several modes in the spectra 
of annealed PTCDA and DiMe-PTCDI films recorded in parallel 
polarization. 
PTCDA/S-GaAs PTCDA/H-Si DiMe-PTCDI/S-GaAs 
1243 1240.7 1247.8 
1290 1289.8 1287.2 
1373.9 1375.5 1375 
1570 1571.9 1570.4 
 
The number of bands, their broadening and relative intensities are very similar to that 
observed in the parallel polarization configuration for the annealed PTCDA/S-GaAs film. The 
frequency positions in the spectra of the annealed of DiMe-PTCDI and PTCDA films on S-GaAs 
differ by at most 4.8 cm-1 (table 4-1), which might be an indication of molecular fragmentation with 
a loss of CH3 groups. Fragmentation of molecules adsorbed on Ag(110) substrates with the 
desorption of CH3 groups was detected by mass spectroscopy when annealing the substrate at 
730 K [Sei00] which is 100 K 
larger compared to our 
experiment. We assume that 
the DiMe-PTCDI molecules 
remaining on the surface are 
involved in processes of 
fractional charge transfer with 
the defect sites similar to the 
case of PTCDA, i.e. via the π 
orbitals. As a result the N-CH3 
bonds are weakened, possibly 
enabling the molecular 
fragmentation already at 598 K. 
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Figure 4.5 Evolution of band area and Raman shift for selected 
modes as recorded in parallel polarization. The relative shifts are 
calculated with respect to the Raman shifts in the 40 nm film. 
DiMe-PTCDI cover
 
Let us consider now the spectrum of an as-deposited 0.12 nm thick film. Here the Bu mode 
is not observed. Thus, if the firstly deposited DiMe-PTCDI molecules adsorb at superficial defects 
–following the interpretation proposed for PTCDA on S-GaAs(100) in the section 4.1.1– the defect 
sites must already be saturated at this coverage. Thus the spectra of 0.12 nm coverage and 
above should contain information about three types of molecules: molecules interacting with the 
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surface defects, molecules interacting with the S-passivated GaAs(100):2x1 surface and 
molecules having additional interactions with other molecules. All bands except for the one at 
1300 cm-1 are shifted to lower frequencies compared to the reference spectrum (figure 4.5). The 
largest shift is observed for the band at 1290 cm-1 which originates from the vibrational 
deformation of C-H bonds as well as CH3 groups (figure 4.6 (a)). The band appearing in thicker 
films at 1300 cm-1 (figure 4.6 (b)) is very broad and has a lower height compared to the band at 
1290 cm-1. The frequency position of the δCH+ νCC mode at 1570 cm-1 in thicker films is shifted 
downwards by -1.5 cm-1, less than the corresponding band in PTCDA. This might indicate that the 
interaction between the perylene core and passivated GaAs substrate is lower for DiMe-PTCDI 
than for PTCDA molecules. The umbrella deformation of CH3 groups at 1454 cm-1 (figure 4.6(c)) 
and the C=O deformations (figure 4.6(e,f)) are not observed. 
 
(a) exp. 1290 cm-1/ cal. 1320 cm-1 
O1
O2 O3
H8 H7 H6 H5
H1 H2 H3 H4
O4
 
(b) exp. 1300 cm-1/ cal. 1347 cm-1 
 
(c) exp. 1454 cm-1/ cal. 1469 cm-1 
 
(d) exp. 1571 cm-1/ cal. 1591 cm-1 
 
(e) exp. 1612 cm-1/ cal. 1679 cm-1 
 
(f) exp. 1688 cm-1/ cal. 1717 cm-1 
Figure 4.6 Elongation patterns of several modes of a neutral DiMe-PTCDI molecule along 
with the experimental and calculated frequency. 
 
For a DiMe-PTCDI coverage of 0.36 nm the mode at 1300 cm-1 becomes well resolved, 
probably due to the larger number of molecules interacting only with the passivated surface and 
with other molecules. The umbrella deformation of CH3 groups at 1454 cm-1 is also resolved 
though its intensity relative to the band at 1570 cm-1 is lower compared to thicker films. A broad 
band is observable at the position of the C=O antisymmetric stretching at 1610 cm-1, while the 
symmetric C=O stretching at 1688 cm-1 is still not resolved.  
In chapter 6 it will be shown that in thicker films the DiMe-PTCDI molecules are oriented with 
their molecular plane making and angle of ~ 56° with the substrate plane. Assuming the same 
 
Chapter 4. Raman investigations of thin organic films formation  52 
 
orientation also for the molecules at the interface, this would mean that the interaction between 
the molecule and the substrate takes place via the CH3 group at one side of the molecule. This 
situation could be achieved through the formation of C-H-S bridges considering the high electron 
affinity of S. Such an adsorption geometry would explaine the low activity of the CH3 umbrella 
deformation and of the C=O vibrations in the Raman spectra of sub-MLs.  
 
4.2 Raman monitoring of organic film growth  
4.2.1 PTCDA/S-GaAs(100) 
 
An example of Raman monitoring of PTCDA film growth on S-GaAs(100):2x1 substrates 
kept at RT is presented in figure 4.7. For each spectrum an accumulation period of 1 minute was 
taken at an incident power of 100 mW. The evaporation rate was about ~ 0.3 nm/min and the final 
thickness of the film was 40 nm.  
For a quantitative analysis a fitting was performed considering Lorentzian functions for all 
organic-related modes. At first the spectrum recorded at the end of deposition was fitted and the 
fitting parameters were then considered as starting parameters for the spectra recorded at the 
previous deposition step and so on. The obtained FWHMs, shifts and intensities for the strongest 
internal modes are presented in figure 4.8. 
 
Figure 4.7 Raman spectra recorded on-line during the growth of PTCDA on S-GaAs(100):2x1 
substrates at RT. 
 
The areas of the B3g mode at 430 cm-1 and of the Ag modes at 538 cm-1 and 625 cm-1 were 
divided by the area of the breathing mode at 233 cm-1 at each step of deposition. The resulting 
ratios are labelled as relative intensities and plotted as a function of film thickness in figure 4.8 
(right). The relative shifts in frequency positions for each mode (figure 4.8, centre) were 
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determined by subtracting the value at each deposition step from that obtained at the end of 
deposition. During RT growth all bands except the one at 538 cm-1 show a decrease in their 
FWHM (figure 4.8, left) with increasing film thickness up to ~ 15 nm reflecting an increasing 
number of molecules involved in molecular aggregates with a well defined environment [Ste97]. 
Above 20 nm the FWHM remains constant within the experimental error limit reflecting no 
significant changes in molecular environment of the thicker films. Within the experimental limits the 
mode at 538 cm-1 does not shift, while the breathing mode at 233 cm-1 and the mode at 625 cm-1 
have frequencies lower by –0.5 and –0.8 cm-1, respectively, for film thicknesses below 10 nm 
compared to their positions in the 40 nm film. 
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Figure 4.8 Evolution of FWHM, relative shifts in frequency positions and relative 





We learned in the previous section that molecules having direct interaction with the 
substrate contribute significantly to the Raman signal (shifts, area) only in the first growth stages 
(below 1 nm). Thus the shifts observed for the low frequency modes can be induced by a tensile 
strain in the molecular lattice of the film governed by the orientation with respect to the substrate 
surface lattice. The intensities of modes at 430 cm-1, 538 cm-1 and 625 cm-1 relative to that at 233 
cm-1 are largest at the beginning of deposition and decrease with increasing film thickness. In 
other words, the breathing mode is hindered compared to the other internal bands in the initial 
stages of growth, probably also due to strain effects. The presence of a tensile strain in the first 
molecular layers is consistent with the large size of the unit cell observed in a 6 nm PTCDA/Se-
GaAs(100):2x1 film by Kendrick and Kahn [Ken98a]. The same authors report for a 20 nm thick 
film on the same substrate a surface unit cell of 1.31 nm x 1.88 nm. This is smaller compared to 
the unit cell in the 6 nm film, but still larger compared to the unit cell dimensions in the (102) plane 
of β- PTCDA phase. On top of the crystalline grains in a 100 nm PTCDA film prepared on S-
GaAs(100):2x1 Nicoara et al. [Nic02] determined by means of STM a surface unit cell of 1.2 nm x 
2.0 nm which is close to the one of the α- PTCDA phase (1.19 nm x 1.99 nm). It appears that a 
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structural transition of the film from a strained (β-like phase) into a more closely packed structure 
(α-like phase) takes place with increasing film thickness. Such relaxations have been observed in 
a number of organic films that grow in columnar islands [For97]. Since the symmetry of the unit 
cell in the first MLs of PTCDA is the same as in the bulk and the unit cell size is not much different 
compared to the two known bulk phases the strain must be low and the relaxation should take 
place without the generation of defects [For97]. Thus, in a 40 nm thick film the coexistence of α- 
and β- phases may be expected. Considering the evolution of the Raman modes the relaxation 
process takes place between 10 nm − 20 nm for the PTCDA/S-GaAs(100):2x1. 
Already at a nominal thickness of ~ 2 nm broad phonon bands are observable below 125 
cm-1, reflecting the presence of crystalline order in the films. However, the band broadening 
indicates finite size effects (see chapter 5) related to short range ordering or to the small size of 
the crystalline islands. The FWHM of the PTCDA external modes at 66 cm-1 and 74 cm-1 
(corresponding to 60 cm-1 and 75 cm-1 in crystal) decreases continuously with the film thickness 
for RT growth, while the FWHM of the modes at 44 cm-1 and 89 cm-1 (corresponding to 41 cm-1 
and 88 cm-1 in crystal) first decreases and increases again above 10 nm. Additional subtle 
changes in the relative intensities appear during growth. These might as well be related to 
structural changes as will be shown in chapter 5. Further experiments employing the interruption 
of the growth process for longer accumulation time intervals may bring valuable information on the 
structure and morphology of film formation. 
 
4.2.2 DiMe-PTCDI/S-GaAs(100)  
 
An example of Raman spectra evolution during the deposition process of DiMe-PTCDI on S-
GaAs substrate at RT is presented in figure 4.9. The incident power was 30 mW and the scattered 
light was accumulated for two minutes for each spectrum. The deposition rate was 0.22 nm/min. 
The spectra evaluation was performed as described in the previous section and the parameters of 
the most intense bands in spectra are plotted in figure 4.10. The relative shifts were calculated by 
subtracting the frequency value at each deposition step from that at the end of deposition. 
The relative intensities were calculated as the ratio between the intensity of a considered 
mode and the intensity of the breathing mode at 221 cm-1 for each deposition step. Contrary to 
PTCDA the FWHM of all modes shows no significant variation during growth at RT up to 40 nm. 
However, a systematic shift to lower frequencies is observable for all the Ag modes for film 
thickness below ~ 10 nm, with the largest amount (-2.3 cm-1) for the breathing mode at 221 cm-1 
and the mode at 568 cm-1. By analogy to the case of PTCDA, it can be concluded that the intensity 
of the breathing mode relative to the other internal modes is low in the initial stages of deposition 
but increases up to 5 nm. Thus the strain relaxation in the DiMe-PTCDI takes place at a thickness 
below 10 nm. To our knowledge no structural investigations of DiMe-PTCDI growth have been 
carried out on chalcogen passivated GaAs substrates. 
The crystalline nature of the films is revealed already in the first stages of growth through the 
occurrence of the phonon modes below 125 cm-1. 
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Figure 4.9 Raman spectra recorded on-line during the growth of DiMe-PTCDI on S-GaAs(100):2x1 
substrates at RT. 
































Figure 4.10 Evolution of FWHM, relative shifts in frequency positions and relative intensities for  







4.3 Model for the Raman intensity – thickness dependence 
 
For a detailed study on the intensity-thickness dependence thicker films have been prepared 
with higher evaporation rates, different for PTCDA and DiMe-PTCDI. Figure 4.11 shows the 
intensity of the breathing mode of PTCDA and DiMe-PTCDI normalized to 1 by dividing to the 
largest value observed. The signal initially increases and shows a saturation tendency thereafter. 
However, an intensity modulation with the half period of 65 nm for both PTCDA and DiMe-PTCDI 
is observable, as a result of Fabry-Perot interference of the incident and the scattered light within 
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the organic layers. Additional modulations with a period of ~ 45-50 min originate from a fluctuation 
of the incident light intensity.  
The Fabry-Perot modulations can be exploited for the determination of the film thickness if 
the optical constants of film and substrate material are known [Wag95]. The film is treated as a 
system of scattering centres, whereby each of the centres emits a beam that suffers multiple 
scattering at the film/vacuum and film/substrate interfaces. The interference of partial waves 
results in the modulation of scattered light intensity as a function of film thickness. A simulation 
algorithm was developed for the particular case of normal incidence on optically isotropic films and 
was successfully applied for the interference enhanced Raman signal of III-V and II-VI 
semiconductor growth [Dre94]. PTCDA and DiMe-PTCDI films grown on S-GaAs(100):2x1 
substrates at RT were reported to be optically anisotropic [Fri02, Fri03]. Considering an orthogonal 
coordinate system with the zs axis normal to the substrate plane and the axis xs and ys parallel to 
one of the substrate axis [011] and [011], respectively, the values for the complex indices of 

































































Figure 4.11 Experimental (symbols) and simulated (lines) dependence of intensity as a function of 
deposition time for the low frequency breathing mode in PTCDA (left) and DiMe-PTCDI (right). The 




For the simplest case of a biaxial film with the incidence plane coinciding with the (xszs) 
plane and the incidence angle φ0  the phase difference β  between the partial waves will be 
[Azz87]: 
( )12 2 2 202s yd n n 0sinβ π λ = ⋅ ⋅ ⋅ − ⋅   φ    for s-polarized light  (4.1) 





  = ⋅ ⋅ ⋅ ⋅ − ⋅     
φ   for p-polarized light  (4.2)  
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Here nx, ny and ny are the complex indices of refraction along the directions xs, ys and zs 
respectively and n0 is the refractive index of vacuum. In the present Raman monitoring experiment 
the incidence plane forms an angle of 45° with the xs and ys axis (figure 4.12) and contains the zs 
axis. The growth of PTCDA was monitored in crossed polarization configuration, corresponding to 
p-polarized incident light. Due to the low incidence angle (30°) the influence of nz on the phase 
difference is very small. Moreover, the in-plane refractive indices of PTCDA are the same along 
the xs and ys directions, hence the usage of a simulation algorithm that assumes normal 
backscattering and an isotropic film described by nx is justified. 
The growth of DiMe-PTCDI was monitored in 
parallel polarization configuration, i.e. with the 
incident light polarized perpendicular to the 
incidence plane (s-polarization). In this case only the 
in-plane refractive indices dictate the phase 
difference. Because the incidence plane is parallel 
to neither one of the in-plane principal axis a 
combination between nx and ny should be 
considered in the simulation. In a first approach we 
have considered nx which has the largest values of 
real and imaginary part. The deposition rates were 
assumed to decrease in time with the same slope as 
experimentally observed, that is: for PTCDA the 
decrease is faster up to 74 min, and the deposition 
rate remains almost constant thereafter, while the 
for DiMe-PTCDI the variation in deposition rate was 
so slow that the thickness can be approximated to increase linearly with time throughout the whole 















Figure 4.12 Sketch of the experimental 
geometry for the Raman monitoring of 
organic film growth. Indices 0,1,2 stand for 






Table 4-2 Complex refractive indices of organic films on S-GaAs(100) for an excitation energy of 
2.54 eV (λ=488 nm) and the film thicknesses determined from the simulation of the Raman signal 
and from AFM measurements. 
 PTCDA DiMe-PTCDI GaAs 
 
 nx, ny nz nx ny nz n2 [Asp83] 
n  2.1+0.99·i 1.42+0.14·i 2.06+1.30·i 1.16+0.13·i 1.74+0.16·i 4.39+0.47·i
Simulation 160  131   »λ Thickness 
/ nm AFM 130  115    
 
The simulated curves and the calculated film thickness obtained with the algorithm 
developed in [Dre94] are plotted as a function of time with lines in the figure 4.11 and its inset, 
respectively. We find that the final film thickness resulting from the simulation is larger compared 
to the thickness determined by means of AFM for both PTCDA and DiMe-PTCDI films (table 4-2). 
This indicates that the presently investigated films have a larger value of the real part of the 
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refractive index compared to the previously reported values, or that the optical constants vary with 
the film thickness. A variation of the optical constants can accompany the strain relaxation at lower 
thicknesses discussed in the section 4.2. A parameter describing the film roughness had to be 
introduced in the simulations indicating an island-like structure for both organic films [Dre94]. 
 
4.4 Electronic properties of GaAs substrates 
 
One of the advantages when choosing a low frequency range for the monitoring of the film 
growth is the observation of the substrate phonons. From figures 4.7 and 4.9 it can be deduced 
that the relative areas of LO and Ω- remain constant during the organic film deposition at RT.  
The difference in the doping levels of the GaAs 
substrates used for the growth of the present 
PTCDA and DiMe-PTCDI films (1.8·1018 cm-3 
and 2.7·1018 cm-3) and slight experimental 
variations in the S-passivation of the GaAs 
substrates should be responsible for the 
difference in the band bending of the two 
substrates prior to the organic film growth. One 
source of errors in the evaluation of spectral 
intensities is the presence of a weak broad 
band stemming from an internal molecular 
vibration that overlaps with the Ω- in films 
thicker than 4 nm: the B3g mode at ~ 262 cm-1 in PTCDA and the Ag mode at 239 cm-1 in DiMe-
PTCDI. In section 4.1 it was shown that no reacted layer is formed in the films deposited at RT. 
Therefore we assume that the relevant processes that might lead to a change in the substrate 
band bending should take place upon the deposition of the first MLs. We follow the evolution of 
the GaAs phonons up to an organic film thickness of 4 nm. A fitting procedure described in 
chapter 3 has been employed for the evaluation of GaAs phonon intensities. The band bending 
was determined as described in section 2.3 and the resulting values are displayed in figure 4.13. 
Neither PTCDA nor DiMe-PTCDI change the electronic band bending of the S-passivated 
substrate when deposited at RT. This is in very good agreement with photoemission results 
[Par02]. The preferential adsorption of molecules at defect sites removes the inhomogeneous 
Fermi level pinning but leaves the band bending unchanged [Par00, Par00a]. Altogether Raman 
and PES experiments support the hypothesis of a non-reactive organic/S-GaAs interface 
formation. 
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Figure 4.13 Evolution of band bending for GaAs 
substrates upon the organic deposition as 









In this chapter in situ Raman spectroscopy was employed for the monitoring of the 
organic/inorganic semiconductor interface formation using of an excitation energy in resonance 
with the S0-S1 transition in PTCDA and DiMe-PTCDI. 
In the region of the most intense internal molecular modes, i.e. C-H deformation and C-C 
stretching modes, the detection of signal was possible even for sub-ML coverages. This spectral 
region was exploited to extract information regarding the chemistry of the organic/semiconductor 
interface: 
• The strength of the molecule-substrate bonding was probed by annealing samples of PTCDA 
and DiMe-PTCDI with thicknesses larger than 10 nm above the temperature of desorption for 
organic multilayers.  
o The thickness of the remaining film was estimated from the intensity of the C-C 
stretching bands to be less than 1 ML in each case.  
o The PTCDA and DiMe-PTCDI molecules remaining on the GaAs substrates stick at 
defects mainly due to the Si dopant atoms at the GaAs surface.  
o From the comparison of the experimental spectra with spectra calculated using B3LYP 
functional with 3:21G basis set it can be concluded that no chemical interaction and no 
transfer of a whole elementary takes place between the molecules and the surface 
defects. 
o The break-down of Raman selection rules points to a process of fractional charge 
transfer between the molecules and the surface.  
o The DiMe-PTCDI molecules remaining at the GaAs surface probably loose the C-H3 
groups in upon annealing at 598 K. 
• The as-deposited molecules that arrive first at the surface stick at surface defects.  
• The molecules arriving on the passivated substrates after the defects have been saturated 
experience an interaction with strength comparable to that of intermolecular interactions.  
The non-reactive character of the organic/GaAs interface is further confirmed by the fact that 
the relative area of the GaAs phonons and hence the band bending of the S-GaAs(100):2x1 
substrates is not changed upon organic deposition at RT. 
The Raman monitoring of the spectral range below 600 cm-1 was employed to probe the 
structural properties of the organic films: 
• The presence of external modes indicates the formation of crystalline entities already at a 
nominal thickness of ~ 2 nm for PTCDA and ~ 4 nm for DiMe-PTCDI.  
• Changes in the relative intensities, frequency position and FWHM of internal bands reflect a 
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Chapter 5 
5 Structure and morphology of thin organic 
films 
 
This chapter combines several techniques for a comprehensive understanding of 
the growth mode of PTCDA and DiMe-PTCDI on passivated semiconductor 
substrates. A series of samples prepared at various substrate temperatures was 
investigated for each organic/semiconductor system. The film morphology is 
assessed by means of AFM and SEM. The crystalline structure and phase 
composition is determined from the results of XRD and Raman spectroscopy.  
 
5.1 PTCDA/H-Si(100) 
5.1.1 SEM and XRD  
 
The PTCDA evaporation rate used in the present experiments leads to film growth only 
when the substrate temperature is below 470 K. The film colour varied from blueish green for the 
sample grown at 230 K to reddish brown for that at 410 K. The film topography observed with an 
Olympus Microscope (objective magnification x100) 
was mirror-like for the films grown on substrates at 
room temperature and below, but for elevated 
temperatures a granular structure occurred. A similar 
observation was already reported for films deposited 
on gold [Fuc95].  
AFM topography images show that the films 
grown at RT (figure 5.1) have a granular structure with 
average grain size of ~ 80-90 nm. The surface 
roughness of the film was determined to be (1.8 ± 0.4) 
nm from the root mean square (rms) value of the AFM 
topography.  
The size and shape of RT grown films is 
confirmed by SEM topographic images (figure 5.2 (a)). 
The domain shape is preserved when grown on 
substrates kept at 360 K, but the average grain size is 
larger: ~ 200 nm (figure 5.2 (b)). Even larger domains are obtained when the growth takes place 
at 410 K (figure 5.2 (c)), but a large number of domains have needle-like shapes. In PTCDA films 
grown on KCl(100) substrates at 453 K the coexistence of such narrow needle-like crystallites with 
wider, plate-like and less regularly shaped domains was also observed [Oga99]. 
Figure 5.1 AFM topography image of a 40 












Figure 5.2 SEM topographic images of PTCDA films grown on H-Si(100) substrates kept at RT 
(a), 360 K (b) and 410 K (c). The inset in (a) shows a higher magnification image. 
 
The needle-like domains turned out to be α- modification whereas the laterally extended 
ones consist of β- modification [Oga99]. In the light of this interpretation we may infer from the 
SEM images that in the films grown on H-Si(100) substrates kept at 410 K two polymorphs of 
PTCDA coexist, with a larger amount of molecules aggregating in α- phase. Since the shape of 
grains obtained at lower substrate temperatures is more uniform, an analysis of SEM and AFM 
images alone cannot provide information regarding the crystalline phases.  
 
Chapter 5. Structure and morphology of thin organic films   62 
 
The XRD spectra of the same films (figure 5.3) show a Bragg diffraction peak around 2θ ~ 
27.65° corresponding to (102) planes of PTCDA and thus prove the crystalline nature of the 
islands observed by AFM and SEM. Moreover, this indicates that the (102) crystalline planes are 
close to parallel to the substrate plane [Möb92]. Recalling the crystal unit cell of PTCDA, such an 



























The FWHM of the (102) diffraction peak wf is found to be ~ 0.34° when fitted with a single 
Gaussian peak for the RT grown film. The FWHM of the same XRD peak of an α-PTCDA single 
crystal wc is 0.17° [Sal00]. The main mechanism leading to a larger FWHM in films compared to a 
crystal is considered to be the finite size of crystalline domains. Introducing ∆w = wf - wc in the 





⋅= ⋅ ∆           (5.1) 
with λ=1.5415 Å the wavelength of X-ray radiation. 
For the RT film a value of φ ~ 45 nm is obtained [Das03], considerably lower than the size 
determined from AFM and SEM. The mismatch between the calculated and observed size could 
be due to an overlapping among domains in the AFM and SEM images. However, besides finite 
size effects the coexistence of α and β polymorphs can contribute to the broadening of XRD peak. 
The Bragg diffraction peaks of the monoclinic PTCDA (102) plane for α and β should phases 
appear at 2θ = 27.81° and 27.44°, respectively, in accordance with the unit cell parameters 
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reported for single crystal PTCDA [Möb92]. Noteworthy, the XRD peak positions for thin films may 
depend on the interface properties as well as on the growth conditions which can induce strain in 
the film [Das03]. As a result, the peak position in thin films can be shifted. Evidence for the co-
existence of both phases in PTCDA/H-Si(100) is provided by a line-shape analysis of the Raman 
spectra as discussed in the next section. Moreover, a pronounced asymmetry for the XRD 
spectrum of PTCDA grown on hydrogen passivated Si(100) kept at 360 K towards lower 2θ values 
is clearly seen in figure 5.3. Taking into account the possible presence of both phases a curve 
fitting with two components is employed to get further information. The deconvolution of XRD 
spectra of films deposited at various substrate temperatures into two Voigt components is shown 
in figure 5.3. At first the spectrum of the sample deposited at 360 K was fitted, which shows the 
strongest asymmetry. The difference obtained between the two peak positions was then 
maintained constant for the rest of the spectra. The FWHMs of the two components were 
constrained to have the same value. All other parameters were let free during the fitting process. 
The resulting FWHMs and the corresponding grain sizes are summarized in figure 5.4. 
For the RT case the peaks were centred at 2θ values 27.58° and 27.78° having FWHMs of 
~ (0.27±0.01)°. The corresponding grain size is now ~ (80±11) nm which is very close to the 
observable domains in the AFM and SEM image. A clear tendency of increasing domain size with 
increasing growth temperature confirms the SEM observations. This indicates that the molecules 
arriving on H-Si(100) substrates at elevated temperatures have sufficient thermal energy after 
deposition to arrange themselves into their minimum energy configuration and build spatially 
extended crystalline domains [For97].  
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Figure 5.4 FWHM of Voigt peaks (related to the left hand axis ) and the corresponding grain size 
(right hand axis) determined using the Scherrer relation. 
 
The large crystalline domains in the sample grown at 410 K are separated by large voids 
that reduce the effective density of film and can be responsible for the poor intensity of the XRD 
peak. Another mechanism leading to the decrease of intensity for the sample grown at 410 K may 
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be a change in the molecular orientation relative to the substrate plane in some domains. Möbus 
and Karl deposited films on Si(100) substrates-covered by natural oxide- at even higher 
temperatures, 520 K, using a higher PTCDA deposition rate [Möb92a]. For this substrate 
temperature they observed that the peak corresponding to the X-ray diffraction by (102) planes 
vanishes entirely, while a new one corresponding to (011) planes occurs. This was related to a 
different growth mode with the PTCDA molecular planes oriented approximately upright to the 
substrate. The presence of such growth mode in our films cannot be ruled out. However, we do 
not observe the diffraction peak corresponding to (011) planes.  
Additional X-ray reflectivity studies on RT deposited films [Das03] provided the roughness 
values of (1.9 ±0.1) nm and (0.4 ± 0.05) nm for the PTCDA-air and PTCDA/H-Si(100) interfaces, 
respectively. The measured surface roughness of the PTCDA film using AFM closely matches the 
XRR results, while the interface roughness is a valuable information not accessible with any other 
technique available. Moreover, the electron density of the films was extracted from the simulation 
of the reflectivity curves to be δPTCDA= (4.1±0.1)·10-6. For films deposited onto oxidized silicon 
substrates a value of δPTCDA= (4.5±0.1)·10-6 was reported [Möb92a]. The theoretical bulk δPTCDA 
value is 5.6·10-6. The overall smaller δ values for films on Si substrates and consequently the 
smaller density than bulk PTCDA is being argued as an outcome of the presence of amorphous 
PTCDA [Möb92a]. This “amorphous” phase could actually consist of small crystalline grains 
having a statistical size distribution below 20 nm and random orientation and hence are not 
contributing in a constructive way to the X-ray reflection. These small grains are likely to be 
localized mainly at the boundaries of larger grains.  
 
5.1.2 Raman spectroscopy 
 
Overview Raman spectra of films grown H-Si(100) substrates at various temperatures were 
recorded at RT and are displayed in figure 5.5. One marked feature is the presence of the phonon 
bands below 125 cm-1 associated with the crystalline nature of the films. The frequency positions 
of bands observed for films correspond well to those of Ag and Bg phonons observed in the single 
crystal, but the change in the relative intensities with changing the polarization configuration is 
absent. This behaviour reflects the polycrystalline nature of films, with the crystalline domains 
having several preferred azimuthal orientations or being randomly oriented with respect to the 
substrate. 
Considering the most prominent internal mode at 1303 cm-1 (figure. 5.5, inset), its FWHM 
decreases from (11±0.4) cm-1 to (8.8±0.4) cm-1, for the samples grown at temperatures between 
230 K and 410 K, respectively. This total decrease in FWHM may be an indication of improved 
crystallinity. The line narrowing, however, is accompanied by the occurrence of a pronounced 
asymmetry with increasing temperature. 
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Figure 5.5 Raman spectra of PTCDA films grown on H-Si(100) at four substrate temperatures: 230 K 
(a), 295 K (b), 360 K (c) and 410 K (d). The inset shows a zoom in the region of the most intense C-H 
mode. 
 
A multi-Lorentzian fitting procedure performed in the spectral range of 1185-1500 cm-1 
reveals that the band at 1303 cm-1 consists of two components centred at (1302.9±0.2) cm-1 and 
(1306.7±0.2) cm-1. The splitting between these components amounts to 3.8 cm-1, whereas the 
Davydov splitting (1300.6 cm-1 - 1302.3 cm-1) experimentally determined for a α- PTCDA crystal is 
1.7 cm-1 [Ten00]. Raman data for β-PTCDA single crystals are not reported up to date. 
A first explanation for the origin of the two components would be the Davydov splitting 
[Ten00]. However, the difference in the frequency and splitting values between spectra of films 
and α-phase crystals accounts for an overlapping of the splitting due to the coexistence of α- and 
β-PTCDA phases and the Davydov splitting for each phase [Sal00]. As seen in the previous 
chapter the C-H band at 1303 cm-1 is the most susceptible among the bands detected under 
resonant conditions to suffer changes when the molecular environment changes. Considering the 
molecule in the centre of the unit cell two of its H atoms are involved in H bridges: H2 and H6 (see 
section 2.2.3.1). These atoms belong to the group of four H atoms with the largest elongation 
during the vibration at 1303 cm-1 (figure 4.1 (d)). α- and β- phases are characterized by different 
molecular packing in the (102) plane (see section 2.2.5) which leads to different strengths of H 
bridges and hence to different downward shifts of the C-H mode frequency (see section 2.2.3.1) 
compared to the free molecule. The largest amount of shift to lower frequency compared to the 
free molecule should appear in the α- phase which has the closest packing and in which the H 
bridges are stronger. Thus the frequency of the C-H band of the molecules in α- phase should be 
lower than the frequency of the molecules in β- phase. 
We have attempted a fitting of the C-H band with four Lorentzian peaks grouped in two pairs 
with the frequency difference between the components of one pair kept constant and equal to the 
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amount of Davydov splitting in a α- crystal, i.e. 1.7 cm-1. Figure 5.6 shows the example of the fit for 
the sample grown at 410 K. In figure 5.7 the ratio between the area of the low energy pair to that 
of the high energy pair is plotted as a function of substrate temperature. For comparison the ratio 
of α- to β- phase is also plotted as determined from the fitting of the XRD spectra. The values 
determined by the two techniques exhibit a similar trend even though the ratio of the α- to β- 
content determined from XRD increases faster with the substrate temperature during growth. One 
has to keep in mind that Raman intensities can also be affected by polarization effects. 
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Figure 5.6 Multi-Lorentzian fit for the unpolarized Raman spectrum of the PTCDA film deposited at 
410 K. 
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The background in the low and high frequency range of the Raman spectra (i.e. below 125 
cm-1 and above 1600 cm-1) is different for the samples grown at various temperatures. The 
polycrystalline structure of films gives rise to surface roughness within the area of the laser beam 
focus (~ 6·104 µm2). An increase in the size of the individual crystals with the substrate 
temperature is manifested macroscopically as an increase in the degree of roughness. As a 
consequence, the part of the light that is diffusely elastically scattered increases giving rise to the 
increasing background in the low wavenumber region.  
Responsible for the background in the high frequency region is a photoluminescence (PL) 
process. The PTCDA films show a broad asymmetric PL band (~ 200 meV), with a maximum at 
about 1.75 eV when measured at RT [Sal01, Kob03]. For the samples grown at elevated 
temperatures a red shift is observed [Sal01, Kob03]. This behaviour, previously reported by 
Leonardth et al. [Leo99], originates from the coexistence of α- and β- crystalline phases within the 
films. The shift follows the evolution of α- at the expense of β-phase with increasing substrate 
temperature, already evidenced by means of Raman spectroscopy and XRD. A limiting factor for 
the PL intensity resides in non-radiative processes. The non-radiative centres can be states 
located either at the silicon interface or at PTCDA domain surfaces or structural defects and 
impurities within the PTCDA domains. The increase in size of crystalline domains and the 
improvement of crystallinity reduces the defect density and concomitantly decreases the 
probability for excitons to be trapped at these centres, resulting in a strong enhancement of the PL 
intensity. The increase in the PL efficiency reaches two orders of magnitude for the sample grown 
at 410 K relative to the one grown at 230 K [Sal01, Kob03]. Thus the increase of the PL efficiency 
accompanied by the red shift of the PL band determine the increase in the background of the 
Raman spectra of the films grown at elevated substrate temperatures. 
 
5.2 PTCDA/S-GaAs(100) 
5.2.1 AFM and XRD 
 
The PTCDA samples produced on S-GaAs(100) substrates had similar colours to those on 
Si(100) substrates. At the evaporation rate of ~ 0.3 nm/min the growth takes place below 470 K. 
Figure 5.8 shows the AFM topographic images of samples grown at RT and above. As in the case 
of Si(100) substrates, a granular structure can be observed. The islands grown at RT have an 
average lateral size of about ~ 70-80 nm. At higher temperatures of growth, larger island size are 
achieved (~ 400 nm at 360 K and ~ 1000 nm at 410 K). When grown at 360 K and above the 
grains have well defined edges that are parallel to one of the substrate main axes ([011] or [011]). 
Employing the two-components Voigt curve fitting for the XRD spectra of the PTCDA film 
grown at RT on a S-GaAs(100) substrate (figure 5.9) a FWHM of ~ 0.3° is obtained and the 
calculated grain size is ~ 65 nm. Sticking to the assignment that the peaks at low and high 2θ 
values originate from β- and α-phases of PTCDA, respectively, the relative intensity ratio of α- and 
β- phases is determined to be 1.1 for PTCDA films on S-GaAs(100) compared to 1.2 for H-Si(100) 
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substrates. This indicates that the content of the α-phase is lower by a factor of 0.92 in the film 
grown on S-GaAs(100), compared to H-Si(100) surfaces. 
Figure 5.8 AFM topography images of 40 nm PTCDA films grown onto S-GaAs(100) at four substrate 
temperatures: 295 K (left), 360 K(middle) and 410 K (right). 
 
The electron density δPTCDA value obtained for RT films on S-GaAs(100) surfaces 
(3.5±0.1)·10-6 is lower compared to that obtained for RT films grown on H-Si(100) surfaces 
(4.1±0.1)·10-6 reflecting a lower density for the PTCDA films grown on S-GaAs(100). Both 
crystalline phases of PTCDA have two molecules per 
unit cell. The α-phase has a lower unit cell volume 
(762 Å3) than the β-phase (780 Å3) [Das03, For97], 
hence the α-phase is comparatively denser than the 
β-phase. As a result, the ratio of α- and β-phases can, 
to some extent, influence the overall density of the 
film. As we observe the preferential growth of the α 
polymorph on H-Si(100) substrates it is expected that 
PTCDA films on H-Si(100) surfaces should have a 
higher density [Das03]. Indeed, the ratio of the 
electronic densities in PTCDA/H-Si(100) and 
PTCDA/S-GaAs(100) is 0.85, that is very close to the 
ratio of the α- to β- contents in the films grown on the 
two substrates determined from the fitting of the XRD 
spectra (0.92).  
The roughness of the PTCDA-air interface was 
determined to be (2.2±0.1) nm for films deposited on 
S-GaAs(100) at RT. For the PTCDA/S-GaAs(100) interface roughness a value of (0.7±0.05) nm 
was determined. The latter value compares well with the surface roughness of similarly treated S-
GaAs(100) substrates (0.66 nm) determined by means of STM [Nic02]. This is an additional proof 










Figure 5.9 XRD spectrum of a 40 nm 
PTCDA film grown at RT on S-GaAs(100) 
(symbols) and the fitted curve (line). 
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5.2.2 Raman spectroscopy 
 
The Raman spectra of PTCDA samples on S-GaAs(100) are presented in figure 5.10. A 
normalization was performed with respect to the mode at 1303 cm-1 for a better comparison of 
relative intensities and of the background. The intensity in the low frequency region was enlarged 
several times to emphasize the presence of the phonon modes which are the finger print of the 
crystalline nature of the grains observed by AFM.  
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Figure 5.10 Raman spectra of PTCDA films grown onto S-GaAs(100) at four substrate 




In the previous section the increasing background in the low frequency range was related to 
the increase in the island size. The AFM topographies of the PTCDA films grown on S-GaAs(100) 
strengthen this assumption. On the other hand, the background in the high frequency region 
shows that the PL has a maximum efficiency for the sample grown at 360 K. This can be 
explained by a critical value of the grain surface to volume ratio that dictates the number of non-
radiative centres in the film. However, both the roughness- and PL- related background are larger 
for the samples grown on GaAs substrates compared to those grown on Si at the same 
temperatures (compare figures 5.5 and 5.10) [Kam01]. 
The line-shape of the C-H deformation mode at 1303 cm-1 (figure 5.10, inset) changes very 
little as a function of substrate temperature of growth. This proves that the S-GaAs(100) 
substrates favour the formation of β-phase not only at RT as learned from XRD experiment but 
also at higher temperatures. 
One mode that shows strong polarization dependence is the mode at 233 cm-1 (figure 5.11). 
By comparing with the spectra of a α-phase crystal, the two components can be assigned to the 
Davydov split doublet originating from the Ag breathing mode in the free molecule (figure 5.11). In 
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crossed polarization the intensity of the low frequency component is larger in the spectra of films 
compared to the spectrum of a α- single crystal. Moreover, it increases with the temperature of the 
growth process. It was recently proposed that the large intensity of this component is a 
consequence of disorder in the PTCDA films [Wag01]. However, the AFM topographic images of 
the present samples indicate that the GaAs substrates kept at elevated temperatures not only 
favour the formation of large islands, but also a preferential azimuthal orientation of the domain 
edges (figure 5.8). Thus the change in intensity with the substrate temperature can only be 
explained by an overlapping contribution from molecules in α- and β- phases. 

























Figure 5.11 Polarized Raman spectra recorded for a PTCDA single crystal and for films deposited on S-
GaAs(100) at various substrate temperatures, as indicated in each plot. The experimental spectra plotted 
with closed/open symbols correspond to parallel/crossed polarization measurement geometry. The fit 
components for crossed polarization and the fitted curves for both polarizations are plotted with lines. 
 
The increase in grain size with increasing substrate temperature during growth appears to 
be a characteristic for the passivated H-Si(100) and S-GaAs(100) substrates (this work) as well as 
for Si(100) substrates covered by natural oxide [Möb92a] and for NaCl(100), KCl(100) and quartz 
[Leo99]. This effect is accompanied by the increase in α/β ratio for H-Si(100), NaCl(100), KCl(100) 
and quartz [Leo99] substrates and by the decrease in α/β ratio for S-GaAs(100) substrates. 
 
5.2.3 Raman Mapping 
 
The two-dimensional Raman mapping was widely applied in the last decade for the 
investigations of structure, morphology and even stress effects in thin inorganic semiconductor 
films. Particular effort has been invested in the characterization of diamond and boron-nitride films 
[Wer97]. This technique requires ex situ measurements carried out in micro-configuration. 
PTCDA samples grown on S-GaAs(100) at 360K and 410 K were mapped laterally in steps 
of 0.5 µm in an array of 5x5 µm2 with an objective of magnification x100.  
 




































Figure 5.12 Comparison between the AFM images (a, b) and Raman intensity ratios of breathing mode 
intensity to substrate phonons intensity (c, d) and of the low frequency to high frequency component of 
the C-H mode at 1303 cm-1 (e, f) for samples grown on S-GaAs(100) at 360 K (left column) and 410 K 
(right column). 
 
The laser light (2.54 eV) having a power of ~ 1 mW before the microscope was focused onto 
a circular spot with diameter of ~ 1 µm, i.e. area of ~ 0.8 µm2. Spectra taken in crossed 
polarization configuration contain both the signature of the substrate phonons and PTCDA modes. 
An estimation on the spatial distribution of the PTCDA is given by the ratio between the integral 
area of the breathing mode at ~ 233 cm-1 and the integral area of the substrate phonons at ~ 268 
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cm-1 and 290 cm-1. This ratio is laterally mapped in figure 5.12 (c) and (d) and compared with 
same sized AFM topographic images (a) and (b) for the samples grown at 360 K and 410 K, 
respectively. In the map of the sample grown at 410 K regions with stronger contribution from film 
signal extend spatially at µm scale. These regions are separated by spaces ≥ 1 µm exhibiting 
larger signal from the substrate. This scale is also characteristic for the average size of domains 
and voids observed in the AFM topography. Considering that the Raman measurements and the 
AFM imaging were performed on different locations on the samples it can be concluded that the 
Raman mapping reproduces well the organic film morphology. The variation of Raman ratio for the 
sample grown at 360 K is smoother, due to the averaging of the Raman signal over a larger 
number of grains and voids. 
Another spectral region of interest is that containing C-H vibrations. Special attention was 
paid to the ratio of the intensity of the low to that of the high frequency component in the doublet at 
~ 1303 cm-1 (figure 5.12 (e) and (f)). As discussed in the previous sections this ratio can provide a 
measure for the relative content of α- and β-phases of PTCDA. The Raman mapping shows that in 
both films the considered intensity ratio is not constant, but varies between 0.8 and 1.5 with an 
average value above one, in agreement with the in situ macro-measurements. The phase 
distribution in the sample grown at 360 K (figure 5.12 (e)) is more homogenous than in that grown 
at 410 K (figure 5.12 (f)). Given that the diameter of the laser spot is larger (sample grown at 360 
K) or equal (sample grown at 410 K) to that of the domains each point spectrum contains 
information from more than one domain. 
Therefore the spatial resolution used in this work is not sufficient to decide if the two phases 
coexist in one domain or if each grain observed with AFM consist of a pure phase, either α or β. 
However, it can be concluded that α- and β-phases coexist at microscopic level and even with 
about the same statistical probability as at a macroscopic level probed by macro-Raman and XRD 




Within the experimental resolution (3.5 cm-1) six features were clearly distinguishable in the 
spectral region between 25 and 125 cm-1 for the PTCDA/S-GaAs(100) system. The spectra were 
recorded above 32 cm-1 for the PTCDA/H-Si(100) system, therefore the lowest frequency phonon 
was not detected in all films. The analysis of experimental spectra was performed using a least 
square minimization fit with a sum of one Gaussian and six Lorentzian functions. The FWHM of 
the Gaussian function (centred at 0 cm-1), meant to simulate the background induced by the 
elastically scattered light, ranged between 10 and 15 cm-1. An example of such a fit together with 
the Lorentzian peaks representing phonons (labelled from 1 to 6) and the residual is shown in 
figure 5.13.  
Figure 5.14 summarizes the experimental curves (symbols) and the fitted ones (lines) for all 
the samples grown on H-Si(100) and S-GaAs(100) after subtracting the Gaussian peak 
considered as background. The FWHMs obtained from the fit are shown in figure 5.16. 
 
































Figure 5.13 Experimental (symbols) and fitted (line) Raman spectra of external vibrational modes 
for a PTCDA grown at RT on S-GaAs(100). The fit residual is plotted in the bottom layer.  
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Figure 5.14 Experimental (symbols) and fitted (lines) Raman spectra of external vibrational modes 
for PTCDA films grown at various temperatures (as mentioned in figure). 
 
The phonon modes shift towards higher frequencies with increasing substrate temperature 
during growth and the most pronounced shifts appear in PTCDA/S-GaAs(100). Peak 1 suffers the 
largest shift from (29.4±0.2) cm-1 up to (38.3±0.2) cm-1 between the sample grown on S-GaAs at 
250 K and 410 K, respectively. Moreover, looking at the relative intensities of peaks 2 to 5 they are 
decreasing with increasing substrate temperature favouring the development of peak 1.  
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Figure 5.15 Polarization dependence for the PTCDA phonons in films grown on GaAs at the 
substrate temperatures indicated in figure. The filled/empty symbols describe parallel/crossed 
polarization geometry. 
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Figure 5.16 FWHM of selected phonons (in unpolarized spectra) as a function of growth 
temperature. 
 
We may assume that the mode character is preserved since it shows the same polarization 
dependence in all films (figure 5.15). Although not the same, the intensity ratios of phonon peaks 
in the film grown at 360 K and 410 K on S-GaAs(100) are the closest to those found in the α- 
single crystal. The mode dominating the spectrum of a single crystal has a frequency of 37 cm-1.  
 
One could understand this similarity between the film and crystal spectra as a result of 
phase purification, but the spectral shapes of the internal modes discussed in the previous section 
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rather point to an increase in the β-phase content in these films. Another possible origin is the 
increasing size of domains corroborated with a preferential orientation relative to the substrate 
axis, supported by AFM. However, the phonons that are stronger in parallel polarization in a 
crystal become stronger in crossed polarization in PTCDA/S-GaAs(100) films (figure 5.15). Such 
differences in selection rules may be explained by different orientation of the monoclinic axis in 
crystal and films relative to the electric field of laser radiation. On the other hand, the increase of 
growth temperature is accompanied by a decrease of the FWHM of the phonon modes (figure 
5.16), except for peak 3 in PTCDA/H-Si(100). PTCDA was the first molecular system where such 
an effect was experimentally observed [Sal00]. Theoretical work applicable to this case is still 
lacking. We proposed that the correlation between the FWHM of phonon bands and the structural 
order is similar to that observed in the case of inorganic semiconductor systems, such as gallium 
arsenide [Piz00], carbon [Dil84], or germanium [Pae82]. There, the decrease in the FWHM of the 
optical phonon bands is related to structural improvements induced by the growth or annealing 
temperature, i.e. to the development of larger and more perfect single crystalline domains at the 
expense of the amorphous and polycrystalline contributions.  
A small size of crystalline domains may affect both the phonon lifetime and the quasi-
momentum conservation in the scattering process, and thus result in a broadening of the Raman 
phonon bands. However, a more quantitative evaluation of the FWHM would require a more 
detailed knowledge of phonon lifetime and dispersion curves in molecular crystals. In addition, the 
band broadening mechanism may also stem from the coexistence of crystalline domains 
consisting of α- and β- phase PTCDA as well as from coupling between phonons and low 
frequency internal modes. 
 
5.3 DiMe-PTCDI/S-GaAs(100)  
5.3.1 AFM and SEM 
 
The DiMe-PTCDI films grown onto S-
GaAs(100) substrates reveal also an island 
structure when investigated by means of AFM 
(figure 5.17) and SEM (figure 5.18). In films grown 
at RT with thicknesses of 40 nm (figure 5.18 (a)) or 
higher (figure 5.17) the majority of grains have a 
circular shape with an average lateral size of 80 nm 
to 100 nm. This class of grains is labelled with A 
and is preserved in thicker films. In the AFM image 
of a 115 nm film another type of grains with ribbon-
like shape, labelled B, can be distinguished. The 
latter class dominates in thinner films (up to 20 nm) 






Figure 5.17 AFM image of a ~ 115 nm DiMe-
PTCDI film grown S-GaAs(100) at RT. 
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angle of ~ ±10° with the [011] axis of S-GaAs(100) [Gav02]. 
To investigate the influence of the substrate temperature of growth on the film morphology 
DiMe-PTCDI deposition was preformed at RT and 360 K. The films grown at elevated 
temperatures (360 K) consist predominantly of B-type grains with a width of ~ 100 nm to 200 nm 
and length above 500 nm (figure 5.18 (b)). These grains are preferentially oriented with their long 
edge parallel to the [011] axes of the substrate and are separated by voids of the order of 100 nm. 
This confirms again the trend observed for PTCDA grown on different substrates that the 





Figure 5.18 SEM images of 40 nm DiMe-PTCDI films grown onto S-GaAs(100) substrates 
maintained at RT (a) and 360 K (b). 
 
The signal obtained with the XRD laboratory facilities for the DiMe-PTCDI films was 
insufficient to draw any conclusion regarding the crystalline nature of the domains observed by 
AFM. 
 
5.3.2 Raman Spectroscopy 
 
In such a case the Raman spectra are of great help, bringing evidence for the crystalline 
nature of films for nominal coverages above 4 nm. The number and frequency positions of 
phonons detected in samples grown at RT with various thicknesses ranging from 4 nm (chapter 4) 
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to 130 nm (figure 5.19) correspond to those detected in a single crystal for which the XRD 
measurements proved a crystalline composition with monoclinic symmetry. Recalling the islanded 
structure evidenced by AFM and SEM it can be concluded that the films are polycrystalline.  
 
100 200 300 400
breathing 


















Figure 5.19 Comparison between the Raman spectra 
of a DiMe-PTCDI crystal and a 130nm thick film 
obtained in z(xx)z (upper curves) and z(yx)z (lower 




The phonon intensity relative to that 
of the internal modes can be influenced by 
the orientation of the film/crystal relative to 
the direction of electric field vector of 
incident and scattered light (chapter 6). 
The scattering configuration chosen for the 
crystal provides larger phonon intensity 
compared to the film spectra (figure 5.19). 
However, the spot size in the case of films 
allows to probe more than 105 grains with 
various sizes. Therefore the strong 
polarization response for both external and 
internal modes is remarkable, indicating a 
preferred orientation of the grains with 
respect to the substrate. 
The overview Raman spectra of 
films having ~ 40 nm nominal thickness 
deposited onto substrates kept at RT and 
360 K are shown in figure 5.20. The 
spectra were normalized with respect to 
the C-H mode at 1290 cm-1 and the low 
frequency region was enlarged by a factor 
of 5.5. 
 Table 5-1 Frequency (1st column) 
and FWHM of some phonons for 
DiMe-PTCDI films grown at RT (2nd 
column) and at 360 K (3rd column). 
FWHM/ cm-1 
Frequency/cm-1 
RT 360 K 
55±0.5 12.1±0.5 9.8±0.8 
70±0.5 7.3±0.2 5.5±0.3 
90±0.5 8.4±0.4 5.4±0.5 
As in the case of PTCDA the roughness-related 
background affecting the spectra below 125 cm-1 
increases in the film grown on the substrate at elevated 
temperatures, reflecting the increase in size of the 
crystalline domains. The narrowing of phonon bands is 
also observed (table 5-1), proving the direct 
correspondence with the increasing grain size and the 
reduction in number of intrinsic defects.  
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Figure 5.20 Raman spectra of DiMe-PTCDI films grown onto S-GaAs(100) at two substrate 




The effect of growth conditions on the internal modes with C-H deformation character (figure 
5.20, inset) resides in changing the relative intensities. The mode at 1300 cm-1 was suppressed in 
the ML spectra (chapter 4) and develops with the formation of molecular aggregates. The ratio 
between the intensities of the mode at 1300 cm-1 and 1290 cm-1 increases with the film thickness 
in the unpolarized spectra when the growth takes place at RT. This ratio was also found to be 
larger in parallel compared to crossed polarization, due to the lower symmetry of the mode at 
1290 cm-1 which has large contribution from CH3 vibrations. The mode at 1300 cm-1, instead, 
originates from C-H deformations of H atoms susceptible to be involved in H bridges (see section 
2.2.3.1 and figure 4.6). Thus its intensity can be lowered by the presence of molecules located at 
substrate interfaces or grain boundaries as well as by the presence of intrinsic defects. The ratio 
observed in the unpolarized spectra of the 40 nm film grown at 360 K is larger compared to that in 
the RT film, as a result of larger grain size and probably, improved crystallinity. 
 




In this chapter the morphology and structure of thin films of PTCDA/H-Si(100), PTCDA/S-
GaAs(100) and DiMe-PTCDI/S-GaAs(100) were investigated. Furthermore the influence of the 
substrate temperature during film growth was studied.  
• The organic film deposition was performed in the temperature range 230 K to 410 K. The 
Raman spectra were recorded in situ at the end of deposition after the samples reached the RT.  
• AFM and SEM studies showed that all the film in the investigated thickness range (from 40 nm 
up to 130 nm) consist of islands. 
• The crystalline nature of the PTCDA islands was evidenced by XRD and independently by 
Raman spectroscopy.  
• The observation of external phonons in the Raman spectra of DiMe-PTCDI films reflect their 
crystalline nature, even though with the laboratory XRD facility no diffraction peak was detected. 
• The FWHM of molecular phonon bands decreases with increasing the substrate temperature 
during growth. This effect was observed in organic crystalline systems for the first time during this 
work. Similar to the case of inorganic semiconductors it can be related to an increase in the size of 
the crystalline domains and improvement of crystallinity. 
• The increase in grain size was confirmed by the reduction in the FWHM of the (102) XRD 
diffraction peak for the PTCDA/H-Si(100) films and by AFM and SEM studies for all 
heterostructures. 
• The film growth at elevated temperatures yields to an increase of PL efficiency reflected in the 
increasing the background of the high frequency region of the Raman spectra. 
• At macroscopic scale, the increase in the domain size leads to a roughening of the films and 
hence an increase in the amount of elastically scattered light responsible for the “low frequency” 
background of the Raman spectra.  
• The PTCDA films consist of a mixture of two polymorphs α and β having the same symmetry 
and very similar lattice parameters. A method to extract structural information from the XRD and 
Raman spectra was proposed. The deconvolution of the (102) XRD on one hand, and of the C-H 
deformation Raman mode at 1303 cm-1 on the other hand, leads to similar estimations for the α- to 
β- content in the PTCDA films: 
o The content of α- phase is larger in the films grown at RT on H-Si(100) compared to 
those grown on S-GaAs(100). In both cases the ratio of α- to β- content is larger than 
one. 
o The silicon substrates kept at elevated temperatures favour the growth of α- at the 
expense of the β-phase, while the situation is reversed in the case of GaAs substrates. 
• The molecular orientation in the PTCDA films was deduced from the XRD spectra: the PTCDA 
molecules are oriented with their molecular plane close to parallel to the H-Si(100) and S-
GaAs(100) substrate plane. 
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Chapter 6 
6 Molecular orientation in thin organic films 
 
The employment of vibrational spectroscopy for the determination of molecular 
orientation becomes vitally important especially for the DiMe-PTCDI films where 
the XRD measurements with laboratory facilities were not able to deliver any 
information. Using the depolarisation ratios observed in the Raman spectra of 
organic films a simulation procedure was developed for the determination of 
molecular orientation. DiMe-PTCDI films are a model system due to the 
pronounced variation of the depolarisation ratios. Another independent attempt 
was performed using the results of infrared measurements with polarized light. 
 
6.1 Raman spectroscopy 
 
A 130 nm DiMe-PTCDI film was measured in the ex situ macro-configuration under 
backscattering geometry with a spectral resolution of 2.5 cm-1. The sample was rotated clockwise 
in angular steps of 10°. The experimental angle of rotation is denoted as γ. A fixed laboratory 
coordinate system (x,y,z) was defined such that the z axis is parallel with the direction of the 
incident beam and perpendicular to the sample surface. The x axis was defined to be parallel to 
the direction of the polarization analyser. The electric field vector of the incident radiation was 
either parallel to x or perpendicular to it (parallel to the y axis). In the macro-Raman experiment 
the laboratory axes coincide with the substrate axes (x=xs=[011], y=ys=[011], z=zs=[100]) when γ = 
0°. Two polarization configurations were used for each sample position. In the Porto notation 
z(xx)z and z(yx)z denote the cases when the incident electric field vector of scattered light is 
parallel/perpendicular to that of the analysed light (parallel/crossed polarization configuration).  
The spectra obtained upon the sample rotation are shown in figure 6.1. The Raman 
intensities of Ag modes vary with a period of 180° and 90° in parallel and in crossed polarization, 
respectively. The maximum response in parallel polarization for the Ag modes takes place when 
the electric field vectors are parallel to the [011] direction of the substrate  (γ = 0°, 180°). This 
indicates a good ordering of the molecules with a preferred orientation of their xm axis close to the 
[011] substrate axis. 
The strong anisotropy observed in the spectra is not surprising for the DiMe-PTCDI films. 
Polarization-dependent photoluminescence measurements on DiMe-PTCDI films grown on 
Ag(100) substrates revealed that a maximum/minimum intensity is revealed at a polarization angle 
of 93°/3° relative to the [110] direction of the substrate [Sch98]. The intensity ratio is 25:1, 
indicating high order of the transition dipoles. 
 
 




Figure 6.1 Low frequency Raman spectra of DiMe-PTCDI upon rotation of the sample around its 
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The density functional methods employed for the assignments of vibrational modes also 

















          (6.1) 
As an example, the tensor components obtained for the lowest frequency internal mode 
(221 cm-1) have the following values: a = 1, b = 0.04, c = 0, and d = -60, with the tensor elements 
being normalized with respect to the a component. The considered mode has a breathing 
character, mainly along the long molecular axis xm. One has to keep in mind that this was 
calculated for an isolated molecule under non-resonant conditions.   
The symmetry of the highest occupied molecular orbital (HOMO) of DiMe-PTCDI is Au, and 
that of the lowest unoccupied molecular orbital (LUMO) is Bg. Therefore a resonant Raman effect 
that involves a HOMO-LUMO transition couples vibrational transitions with an electronic transition 
the dipole of which is orientated along the xm axis. The effect of resonant excitation is taken into 
consideration by neglecting the off-diagonal components (a = 1; b =0.04; c = d =0). 
In section 2.2.5 it was shown that the amount of two-fold Davydov frequency splitting is so 
small for the internal modes of DiMe-PTCDI, that it lies at the experimental detection limits both for 
Raman and infrared active modes. Therefore any perturbation of the molecular Raman tensor 
elements induced by intermolecular interactions can be neglected.  
A concept widely used in the literature dedicated to quantitative analysis of polarization 
response of a sample is the depolarisation ratio [Fer94]. This is defined as the ratio between the 







=            (6.2) 
The experimental depolarisation ratio of the 221 cm-1 mode for a film is depicted as a 
function of rotation angle γ in figure 6.2 (symbols).  
In order to extract the geometrical arrangement of the molecules from the depolarisation 
ratios there are three coordinate systems to be taken into account: molecular (xm,ym,zm), substrate 
(xs,ys,zs) and laboratory (x,y,z). Two consecutive transformations are required to transform the 
molecular Raman tensor to the laboratory reference. The first orthogonal transformation can be 
applied using the Euler angles (ϕ,θ,ψ). This method was previously applied by Aroca et al. in a 
Raman study of a highly symmetric molecular system (InPcCl, point group D4h) [Aro86]. The 
transformation from the molecular to the substrate coordinate system is described by:  
R= R(ϕ)⋅R(θ)⋅R(ψ)         (6.3) 
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Where: R(ϕ)=  , R(ψ)= and 








































The molecular Raman tensor will be transformed according to: 
AgS= R ⋅Agm⋅ R-1           (6.5) 
The second transformation is from the substrate to the laboratory coordinate system and implies a 
clock-wise rotation around the substrate normal (zs) with the angle γ. The corresponding  rotation 
matrix is: 















and the transformation is described as: Ag= R(γ)-1⋅Ags⋅ R(γ)     (6.7) 
The Raman intensity is then calculated as: I = ( se
G ⋅Ag⋅ ieG )2, where seG and  describe the 
direction of the electric field vectors for the incident and the scattered light, respectively. 
ie
G
A least square fit of the experimental depolarisation ratio was performed using a 
Levenberg-Marquard algorithm. The closest match between the calculated depolarisation ratios 
using the one-molecule approximation is presented in figure 6.2 by the dashed line. The 
corresponding set of Euler angles is (ϕ = -70°, θ = 53°, ψ = 51°), which means that the molecular 
plane is tilted with respect to that of the substrate by 53°. The angle χ between the projection of xm 
onto substrate plane and the [011] substrate axis is -7°. However, even though the main maxima 
of the experimental data are reproduced well, the steep minima and the same height of all maxima 
in the model do not correspond to experiment, indicating that a more complex model is required.  
Considering the crystalline nature of the  film reflected by the presence of phonons, a natural 
approach would be to consider two non-interacting molecules the Raman signals of which add up. 
The model was constructed such that the angles between the two molecules in the unit cell are 
maintained to the values for the single crystal and only the unit cell is rotated with respect to the 
substrate by changing the Euler angles. The coordinate system of the unit cell (xu,yu,zu) was 
chosen so that the xu and yu axis are contained in the (102) crystallographic plane. The molecular 
planes of the two molecules are tilted with +8° and –8° with respect to the (xuyu) plane, and the 
long axis of the two molecules are rotated by +18° and –18° with respect to the xu axis.  
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Experimental angle (γ)/°  
Figure 6.2 Experimental (symbols) and simulated (lines) depolarisation ratios of the breathing mode 
at ~ 221 cm-1 obtained upon rotation around sample normal with the angle γ for a DiMe-PTCDI film. 
 
The lowest deviation between the calculated and the experimental data is provided by the 
following set of Euler angles: ϕ =115°±5°; θ = 56°±4°, ψ = 28°±5°. This means, that the crystal 
(102) plane forms an angle of 56° with the substrate plane, and the projections of the long 
molecular axis deviate from the [011] direction of the substrate by χ1 = - 7°±5° and χ2 = - 48°±11°, 
respectively. These results agree well with the angular orientation calculated from the infrared 
azimuthal dependence (see next section). Figure 6.3 provides a geometrical view of the molecular 
orientation in two adjacent layers as determined from the two-molecules model.  
It must be noted that in each of the two models the minima of the depolarization ratio should 
be very close to zero for a totally polarized scattered light. In order to reproduce the experimental 
values in the minima the scattered intensities in parallel and perpendicular configurations had to 
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− ⋅ + ⋅= ⋅ + − ⋅          (6.8) 
The parameter D was also optimised during the fitting procedure and for both models the 
resulting value was D ~ 0.15. This parameter describes a depolarization of the light scattered by 
the sample due to surface roughness [Woo99, Joh95], thickness non-uniformity [Woo99], angular 
spread of the collected beam [Woo99, Joh95], and eventually due to a spread in the orientation of 
some molecules from the preferential arrangement.  
Angle resolved near edge X-ray absorption fine structure (NEXAFS) spectroscopy 
performed with linearly polarized light on the same sample allowed the estimation of an average 
angle between the DiMe-PTCDI molecular plane and the surface of about 50° [Kam03]. This good 
agreement between the results of the two techniques proves that the passivated GaAs substrates 
favour an arrangement of DiMe-PTCDI molecules with a large tilt angle of their molecular planes.  
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Various tilt angles are reported in 
literature depending on the substrate used. 
Even on the same substrate, e.g. Ag(110), 
various orientations can coexist [Sei00]. A 
much larger tilt (θ =90°) was observed by 
means of LEED and STM for ML films of 
DiMe-PTCDI on Ag(110) substrates [Now01] 
where a pronounced in-plane optical 
anisotropy [Sch98] was also detected. On the 
other hand, in thicker films (300 nm) of DiMe-
PTCDI grown on glass substrates most of the 
molecules are parallel to the substrate, some 
of them tilting out of the surface with a 
Gaussian distribution with a FWHM of 22° 
[Lif99]. Similarly on KCl(100) substrates it was 
found that the molecules are laying close to parallel with the substrate plane [Yan95].  
 
Figure 6.3 Orientation of DiMe-PTCDI molecules on 
the GaAs(100) substrate. 
 
6.2 Infrared spectroscopy 
 
Infrared spectra taken in a reflection-geometry from the same film confirm the strong 
anisotropy. As an example, the variation in relative intensities of C=O stretch modes upon the 
azimuthal rotation of the sample around its normal (with the angle γ) is given in figure 6.4. The 
angle of incidence is 20° and the measurements were performed with s-polarized light. The 
laboratory coordinate system (x,y,z) is defined such that the x and z axes are contained in the 
plane of incidence. The x axis is parallel to the sample surface and the z axis coincides with the 
sample normal. The y axis is perpendicular to the plane of incidence, i.e. coincides with the 
direction of the incident electric field vector and is parallel to the sample surface. In the initial 
configuration (γ=0°) the x axis was parallel to the [011] direction of the substrate.  
The molecular dipole is oriented along the short (ym) and long (xm) molecular axis during the 
vibration of the modes at 1658 cm-1 and 1692 cm-1, respectively. From figure 6.4 it follows that the 
strongest coupling between the ym mode with the electric field appears at γ=0° when the electric 
field is perpendicular to the [011] direction of the substrate and for the xm mode at γ=90°. This 
reflects a preferential orientation of DiMe-PTCDI molecules with their long axis close to or parallel 
to the [011] direction of the GaAs substrate.  
The intensities of oop modes also change upon sample rotation for both s- and p-polarized 
spectra as can be seen from the inspection of the overview spectra for γ=0° and γ=90° in figure 
6.5. A comparison between the variation of absorbance intensity with the experimental angle γ for 
representative ip and oop modes is shown in figure 6.7 (symbols). The intensities of oop modes 
behave similar to those of the ip modes oriented along the short molecular axis ym and opposite to 
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those of the ip modes along the long molecular axis xm. The activity of ip and oop modes is 
summarized in table 6-1. 
 
Figure 6.4 Reflectance spectra of a 130 nm DiMe-PTCDI/S-GaAs(100) film in the region of C=O 
vibrations obtained upon rotating the sample around its normal (with angle γ). 
 
























Figure 6.5 Infrared spectra of a 130 nm DiMe-PTCDI/S-GaAs(100) film taken in reflection under an 
angle of incidence of 20° with s- and p-polarized light. 
 
[110](




For instance at γ=0° the electric field vector of the incident s-polarized light is perpendicular to the 
[011] direction of the GaAs substrate. In this case modes having a dipole along the ym and zm 
molecular axes couple stronger with the electric field and dominate the spectrum. From the large 
absorbance of the zm modes relative to that of the xm modes one can deduce that the molecular 
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plane must be tilted with a large angle with respect to the substrate plane. Recalling the behaviour 
of ip xm modes, this means that the xm axis is not contained in the substrate plane, but its 
projection on the substrate makes a small angle with the [011] direction of the GaAs substrate. 














DiMe-PTCDI powder in CsI pellet





Table 6-1 Summary of the activity of infrared modes function of measurement geometry at 
20° angle of incidence. Bold letters indicate strong absorbance. 
Incident light polarization 
γ=0° 
Incidence plane [011] 
γ=90° 
Incidence plane⊥ [011] 
s-pol. ip(y), oop(z), (ip(x)) ip(x) 
p-pol. ip(x) ip(y), oop(z), (ip(x)) 
 
The film anisotropy becomes even more evident when comparing the film with the powder 
spectra (figure 6.6). In the latter case it is assumed that the orientation of molecules is random 
with respect to the laboratory axes. 
 
6.2.1 Simulation with two-molecules model 
 
An attempt to determine quantitatively the molecular orientation is to model the coupling 
between the electric field and the molecular dipoles as a product between the electric field vector 
and the vectors describing the direction of the dipole moments for each type of ip or oop vibration. 
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m, and zm directions of the molecule are given by the following vectors: 
( 0 0xM a=JJJG            (6.9) 
(0yM b=JJJG          (6.10) 
(0 0zM c=JJJG          (6.11) 
where a, b, and c are constants. For the ease of further calculations we consider a = 1 and 
normalize b and c with respect to a. For the determination of b and c two methods can be 
employed:  
I. from the experimental absorption of powder in CsI pellets (figure 6.6): considering a 
random distribution of molecules we can assume that a, b, and c are proportional to the 
corresponding band intensities. The absorbance peaks are fitted with Lorentzian functions 
broadened with a Gaussian function. By normalizing the intensities of the considered 
bands with respect to the intensity of the xm band at 1596 cm-1, we obtain b = 0.67 and 
c = 0.27. 
II. from the calculations performed with the DFT method (Gaussian’98): by normalizing the IR 
activities with respect to that of the ring stretching band we obtain b = 1.26, c = 0.34. 
The values provided by the second method describe a single molecule, whereas those 
obtained from the fitting of powder spectra rather describe molecules forming aggregates, hence 
being better suited for the analysis of film spectra. 






 1658 (y) cm-1
 1596 (x) cm-1







Experimental angle (γ) / °  
Figure 6.7 Azimuthal variation of the experimental intensities of ip and oop modes (symbols) 
measured in reflection at 20° angle of incidence, with s-polarized light, and the fitted curves using 
the two-molecules model described in text (lines). 
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Similar to the analysis of the Raman data, the inter-molecular interactions were neglected. 
Moreover, due to the low angle of incidence and to the fact that the thickness of the DiMe-PTCDI 
(130 nm) film is much smaller compared to the wavelength of the infrared light, we neglect the 
refraction inside the film. The IR absorbance was modelled with the following equation: 
(A K M E= ⋅ ⋅JJG JG )           (6.12) 
where K is a proportionality constant, M
JJG
is the dipole moment of the considered vibration, and 
E is the electric field vector of the incident light. 
Both the vectors of the dipole moment and of the electric field are written in the coordinate 
system of the substrate. The transformation between the coordinate system of the molecule and 
that of the substrate was performed using the rotation matrices with the Euler angles defined in 
the previous section.  
When a single molecule is considered the calculated absorbance must go through zero for a 
certain angle for each individual mode, while the experimental absorption only goes through zero 
for the zm modes. Therefore two molecules with the same relative orientation as in the Raman 
model were taken into account. The total absorbance was calculated as the sum of the 
absorbance of the two molecules. 
The calculated absorbance depends on two parameters: K and ϕ that are strongly 
correlated. This leads to several local minima of the fit. Moreover, K must have different values for 
the molecular dipoles oriented along xm, ym, and zm directions in order to obtain a decent fit of the 
experimental data. Therefore, in a first step the angles ϕ and θ describing the orientation of a unit 
cell with two molecules were fixed to the values determined from the analysis of Raman 
experiment. A least square fit was performed with the ψ and K parameters free to vary. The fitted 
curves are shown in figure 6.7 with solid lines and the corresponding parameters are listed in table 
6-2. The average value of the ψ  angle is ψav = 45° and provides a good simulation of the intensity 
variation for the xm modes (see the dashed curve in figure 6.7). This is by 17° larger compared to 
the value determined from the Raman analysis. The deviation between the xm molecular axis of 
the two molecules projected onto the substrate plane and the [011] axis of the substrate amounts 
to χ1 = -9° and χ2 = -29° (columns 7 and 8 in table 6-2), values that are lying between those 
determined from Raman analysis χ1 = -7°±5° and χ2 = -48°±11° (section 6.1).  
Table 6-2 Euler angles determined from fitting the IR absorbance of representative modes. 
Mode ϕ /° θ /° ψ /° ψav /° K Angle χ /° molecule1            molecule 2 
742 cm-1(z)   5  0.16   
1596 cm-1(x) 115 56 49 45 0.09 -9 -29 
1658 cm-1(y)   81  0.29   
 
The large dispersion of ψ  from the average value for the ym and zm modes could be a 
consequence of neglecting the light refraction in the film and substrate. Another issue to be 
addressed in the construction of a better model is a better understanding and controlling of the K 
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parameter. Also, the deviation of molecules from the preferred orientation should be taken into 
account by integrating the intensity of molecular dipoles distributed statistically over an angular 
interval. 
 
6.2.2 Average orientation from dichroic ratio  
 
Another approach for the quantitative analysis of IR data -more commonly met in literature 
and requiring fewer calculations- uses the concept of dichroic ratio and provides an average 
molecular orientation. This model is based on the observation that the variation of intensities with 
the experimental angle γ (figure 6.7, symbols) can be well described with cos2γ functions for all 
bands. The maxima in the intensities of the ym and zm modes are shifted by an angle of ~ 90° with 
respect to those of the xm modes. Maxima are observed at angles γx=7° and γy=γz=94°. The ratio 
between the maximum (Ixmax) and minimum (Ixmin) in-plane absorbance of xm modes is called 
dichroic ratio [Tur72]. Turrell showed that if infrared radiation enters a crystal in the direction 
parallel to one of its principal axis (case where no refraction occurs) the dichroic ratio can be 
related to the angle χ between the transition moment and one of the principal axes perpendicular 











 = =   
                                                                                    (6.13) 
The refraction inside the film is neglected. The reflection spectra show absorption features 
similar in terms of lineshape to those characteristic for transmission spectra. Therefore the 
reflection features can be treated with the same formula as derived for transmission spectra of 
crystals. In this case the angle χ can be understood as the angle between the substrate axis [011] 
and the projection of the long molecular axes xm onto the substrate plane. The dielectric constants 
=4.45, =2.64 and ε =3.16 were determined by spectroscopic ellipsometry in the near 
infrared range where the film is transparent [Fri02b]. In a similar way the dichroic ratios for the y
aε bε c
m 

















=           (6.15) 
The angle χ determined from equation 6.13 should be the same for all xm modes for a single 
crystal. For a polycrystalline film the angle χ may deviate from that measured for a single crystal 
but should also be the same for all xm modes. However, different angles χ are calculated from the 
different dichroic ratios Dx of the ring band at 1596 cm-1 and the side group-band at 1692 cm-1. 
The deviation is too high to be explained only by the experimental error. The different values of Dx 
and χ for both bands are a hint that the molecules in the crystal are deformed and not flat as 
assumed in the first coarse approximation.  
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The module of the angle χ determined from the dichroic ratio represents an average over 
the projections of all possible molecular orientations onto the substrate plan. All the values 
obtained are spread between the values χ1 = - 7°±5° and χ2 = - 48°±11° determined for two 
molecules from the Raman analysis. The sign is not directly accessible from the IR equation. 
 
Under the assumption that the 
molecules have a good preferential 
orientation with their long axes parallel 
to the [011] direction of the substrate 
one can determine in a further coarse 
approach from the ratio of Dz and Dy an 
average tilt angle θ of the molecular 
plane with respect to the surface plane: 
Table 6-3 Dichroic ratios and angle χ calculated for several 
representative modes with ip and oop character. 
dichroic ratio wavenumber 
/ cm-1 character Iγ=0°/Iγ=90° Iγ=90°/Iγ=0° 
angle χ 
/ deg. 
743 oop(z) 15.8  16 
809 oop(z) 16.5  15.7 
1054 ip(y) 4.5  28.2 
1596 ip(x)  18.1 11.7 
1658 ip(y) 4.7  27.7 






θ =           (6.16) 
With the quantities from table 6-3 a tilt angle of θ = 62°±1° is calculated. However, taking 
into account the angular spread of the infrared beam (±6°), this value approaches the error limit of 
the θ  determined from the analysis presented in the previous sections. 
6.3 Summary 
 
In this chapter vibrational spectroscopies were employed for the determination of 
molecular orientation in thin films of DiMe-PTCDI/S-GaAs(100):2x1 grown at RT. 
• The films of DiMe-PTCDI exhibit intensity variation of vibrational modes upon azimuthal 
rotation around sample normal when the Raman and IR measurements are performed with 
polarized light.  
• The experimental intensity variation was modelled considering a set of two non-interacting 
molecules with relative angular orientation as in the monoclinic unit cell. The angular orientation of 
the two molecules with respect to the substrate was described with a set of Euler angles.  
• For the (102) crystalline planes a tilt angle θ = 56°±4° with respect to the surface plane was 
determined.  
• The projections of the xm molecular axes of the two molecules onto the substrate plane form 
the angles χ1 and χ2 with the [011] axis of the GaAs substrate. The values determined from the 
modelling of the IR data lye between those determined from the Raman analysis: χ1 = - 7°±5° and 
χ2 = - 48°±11°.  
• The relatively good agreement between the results of the two complementary techniques, 
Raman and infrared spectroscopy, reflects a high degree of order in the DiMe-PTCDI/S-
GaAs(100):2x1 films. 
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Chapter 7 
7 Metal/organic interfaces 
 
Metal/organic interface formation is of most interest for the fabrication of metal 
contacts in organic based devices. The direction of interface formation crucially 
influences the interdiffusion (structural disruption in organic film) and chemical 
processes. Still, there are only few investigations on metal-on-organic interfaces 
mainly by means of electron spectroscopies. Vibrational properties were only 
probed for molecular thin films deposited on either low indices smooth or on rough 
metal substrates. Representative for the former case are studies of PTCDA on 
Ag(111) and Ag(110) by means of HREELS and EELS [Tau00, Tau02] where the 
formation of metal-induced states in HOMO-LUMO gap were observed. The rough 
substrates are commonly recognized to induce surface enhanced Raman 
scattering (SERS). This chapter is devoted to the Raman investigation of Ag 
deposition onto PTCDA and DiMe-PTCDI. The SERS effect accompanies the 
inelastic scattering in both systems. Upon Ag deposition onto organic layers 
having various thicknesses different enhancement mechanisms are activated, 
allowing to probe not only the chemistry but also the structure and morphology of 
metal/organic interfaces.  
 
7.1 Mechanisms of surface enhanced Raman scattering 
 
The SERS phenomenon stems from the superposition of several effects through which a 
metal surface modifies the Raman scattering of molecules close to the surface. An essential 
condition for SERS is the structure of metallic surface to have particle size in the range of 
nanometers [Kne99]. Ag surfaces were found to have the highest SERS efficiency although Au, 
Cu, Li, Al or In show significant enhancements [Cre88].  
For a molecule in the vicinity of a metal surface the classical equation of dipole induced 
during the Raman effect can be written as: 
'
3
EM E βα ⋅= ⋅ +           (7.1) 
if the metal surface induces a gradient in the electromagnetic field of incident and/or scattered 
radiation. The term β  in the equation (7.1) stems for the hyperpolarizability tensor (third rank) of 
the molecules [Cre88]. Roughly two major enhancement mechanisms can be considered: 
i. the “chemical” enhancement via the increase in the polarizability α of the Raman scatterer 
due to electronic interaction between the adsorbate and the metal. This is a short range 
enhancement mechanism, often labelled as “first layer effect”, confined to molecules within the 
first interfacial layer, in direct contact with the metal surface. 
ii. the electromagnetic enhancement (EME) which excludes any electronic interaction 
between the metal and the adsorbates. This itself can be due to an enhancement of the field E 
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near the metal surface, the so called “long range enhancement” mechanism, or to significant field 
gradients E’ that couple to the quadrupole hyperpolarizability, the so called “short range 
enhancement”. 
The formation of new bonds between the molecules and the metal atoms or a static charge 
transfer with the rehybridisation of molecular orbitals with the metal ones can be responsible for 
the “first layer” enhancement. Such mechanisms lead to enhancement factors below 30 [Per81] 
and should have a similar effect on the spectra as the formation of a molecule-metal atom 
complex [Cre88, Cam98]. Another first layer effect is the vibrationally modulated interfacial 
dynamical charge transfer (IDCT) between the molecule and the metal particle. Two models are 
available to describe such a charge transfer in SERS: excited state models and ground state 
models. In the excited state models it is assumed that there is a charge transfer transition, where 
an electron is excited from a filled state located at one of the charge transfer partners into an 
empty state located at the other one [Ott01]. The Raman cross section is maximum when the 
charge transfer energy equals the energy of the incident or scattered light. Ground state models 
assume that even in the ground state there exists a weak charge transfer between the partners, 
but the electron is excited from the ground molecular state into an intermediate state of the same 
system.  
The EME concept describes localized and collective electromagnetic resonances in films 
consisting of metal islands. The acoustic-like electron density oscillations (plasmons) may be 
treated as normal modes. The dipolar plasmon energy depends on the number of free electrons 
and hence on the island size (localized plasmon) as well as on the number of interconnected 
islands (coupled plasmon) [Fel99]. If the plasmons are excited by an electromagnetic wave with 
appropriate energy the result is an increase of the incident and scattered radiation near the 
surface. Particularly strong enhancement factors appear around sharp edges between near-
contiguous particles [Cre88]. An important role in determining the level of enhancement play the 
optical constants of the metal and the molecular medium surrounding the clusters. For Ag clusters 
embedded in PTCDI a plasmon resonance in the visible range was predicted for cluster-radii 
below 2 nm [Ste00]. The enhancement undergone by the scattering from a molecule or a ML 
located at a distance d from a rough surface of local radius of curvature r was estimated to decay 
as ( 12drr + )  and ( 10drr + ) , respectively [Ott92]. Depending on metal and adsorbate significant 
enhancements can appear over ranges from 0.5 nm to several nm away from the metal surface 
[Cre88]. Otto et al. observed enhancement of internal modes of benzene up to 13 nm away from a 
Ag surface [Ott92].  
When EME is combined with RRS the selection rules are determined by the Albrecht’s A 
term [Cre88] discussed in section 2.2.2.3. For PTCDA and DiMe-PTCDI the totally symmetric 
modes can thus be enhanced up to 100 times more than the Bg modes that contribute to the 
Albrecht’s B term. However, changes in the relative intensities of Ag modes may appear according 
to the orientation of the molecules with respect to the surface.  
A consequence of the field enhancement in the immediate vicinity of a SERS active surface 
when it is illuminated near the plasma resonance wavelength is the appearance of frequency 
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gradients at the surface. These may be large enough to contribute to the induced molecular dipole 
via the quadrupole hyperpolarizability β. As a result normally forbidden bands appear in the SERS 
spectrum, if their irreducible representation is the same as one or more of the elements of β  
[Cre88]. In the case of centro-symmetric molecules PTCDA and DiMe-PTCDI this mechanism can 
lead to the appearance of the normally infrared active modes: B1u(x)+B2u(y) and Bu(x)+Bu(y), 
respectively [Cre88]. The ungerade modes can appear with medium to high intensity with respect 
to the normally Raman-allowed classes, as previous studies have shown for pyrazine, a molecule 
having D2h symmetry [Cre88]. 
 
7.2 Ag deposition onto S-passivated GaAs(100) substrates 
 
Several studies were devoted to the investigation of Ag/GaAs(100) interfaces in terms of 
structure, electronic and chemical properties, but no Raman studies exist to our knowledge. On 
clean GaAs surfaces there is evidence for cluster formation at RT as a result of low chemical 
reactivity between the Ag atoms and Ga or As atoms [Chi85, Chi89, Lud82, Sti88, Wer86]. On 
chalcogen passivated GaAs(100) surfaces the clusters show metallic character above a nominal 
thickness of 0.5 nm [Hoh01]. 
When Ag is deposited onto S-GaAs(100):2x1 
the Raman spectra in the region of GaAs phonons 
show an increase in the intensity of the LO mode with 
respect to Ω- already at a nominal Ag coverage of ~ 
0.4 nm (figure 7.1). This corresponds to an increase in 
the band bending of about (0.3±0.1) eV (figure 7.2). 
Upon further deposition the band bending shows a 
saturation tendency. A similar trend was observed by 
means of PES and ascribed to the appearance of 
metal induced gap states [Hoh01]. The PES studies 
were carried out only for Ag coverage ≤ 2 nm. 
In the present experiment the band bending 
starts to decrease for Ag thickness above ~ 4.4 nm, 
reaching a value below the initial one for 7 nm Ag. 
The turning point is accompanied by the appearance 
of a new broad band centred at 299 cm-1. Considering 
the coexistence of LO and the new band the values 
determined for the band bending must be regarded 
with care. All bands remain visible after 17.4 nm Ag 
deposition although the penetration depth of the 
employed excitation light (2.54 eV) in a smooth Ag film is 13.6 nm. This indicates an islanded Ag 
film.  



























Figure 7.1. Raman spectra of GaAs 
phonons upon Ag deposition taken from a 
S-passivated substrate (upper plot) and 
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Two chemical species may be regarded as responsible for the origin of the new Raman 
band. A mode at ~ 300 cm-1 has been resonantly enhanced in the Raman spectra of Ga2Se3 films 
(800 nm) taken with an excitation energy (2.57 eV) close to the present experiment [Zah92, 
Emd96]. However, considering that the S atom has half the mass of a Se atom the mode should 
be shifted to considerably higher frequencies in Ga2S3 species. Another, more probable candidate, 
would be the A1 mode of the chalcopyrite AgGaS2 which has a frequency of 295 cm-1 in bulk 
material [Zie74]. The frequency increases up to 3 cm-1 in films with decreasing the thickness down 
to 100 nm [Tsu98], i.e. a thickness of several 
atomic layers may give rise to a mode shifted to 
299 cm-1.  
According to PES results Ag does not 
react with Ga or As atoms but does bond to S 
atoms in the Ag/S-GaAs(100) system [Hoh01]. 
In the model of Se-GaAs(100):2x1 proposed by 
Gonzales et al. [Gon02] the top-most atomic 
layer consists of Se atoms, the layer below 
contains only Ga atoms, the third layer below 
contains only Se atoms and the forth layer 
consists of Ga atoms. From the fifth layer 
consisting of As atoms the bulk GaAs structure 
present. The structure of the S-
GaAs(100):2x1 surface is expected to be very 
similar [Suc02]. Thus the Ag atoms can only 
bond to the S atoms in the first and third atomic layer from the top surface. We observe the strong 
increase in band bending only up to 0.4 nm Ag coverage followed by a saturation plateau up to 4 
nm. Since the diameter of an Ag atom is 0.35 nm, it means that the first Ag atoms are involved in 
reactions with the S atoms forming a reacted layer localized at an interface region of the order of 
maximum three atomic layers. The next arriving Ag atoms do not diffuse further, but build clusters 
on the surface as indicated by the observation of metallic character above 0.5 nm in [Hoh01]. 
These clusters play a crucial role in the observation of the AgGaS2 species due to a significant 
signal enhancement as will be shown in the next section. 
is 
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Figure 7.2 Band bending in GaAs substrate as 
determined from Raman spectra of Ag/S-GaAs 
(open circles), Ag/PTCDA(0.32 nm)/S-GaAs 
(closed circles) and Ag/DiMe-PTCDI(0.16 nm)/S-
GaAs(100) (open squares) systems. 
 
7.3 Ag deposition onto ML films of PTCDA and DiMe-PTCDI  
 
The evolution of organic-related modes in PTCDA (0.32 nm) and DiMe-PTCDI (0.16 nm) 
films upon silver deposition is presented in figure 7.3. It must be noted that this is the only region 
where a sufficient signal was obtained from the organic modes for such low coverage. A strong 
enhancement of the signal was observed for PTCDA, therefore the spectra are normalized with 
respect to the height of the C-C stretch band at 1572 cm-1 for a better comparison of relative 
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intensities. No normalization was necessary for the spectra of DiMe-PTCDI, where mode 
enhancement was much lower compared to PTCDA.  
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Figure 7.3 Evolution of the Raman spectra upon Ag deposition onto 0.32 nm PTCDA (upper figure) and 
0.16 nm DiMe-PTCDI (lower figure) films. 
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Figure 7.4 SERS spectra of 0.16 nm thick PTCDA films deposited onto Ag films with various 
roughness (see AFM topographies, right). 
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Figure 7.5 Fit example for the spectra in the series Ag/(0.32 nm)PTCDA/S-GaAs(100). 
 
S-GaAs(100)
As soon as 0.4 nm Ag are deposited new bands develop in the Raman spectra of PTCDA at 
1243 cm-1, 1270 cm-1, 1292 cm-1, 1338 cm-1 and 1606 cm-1. These will be labelled as SERS 
modes. The same bands occur in the spectra of ~ 0.16 nm PTCDA deposited onto Ag films with 
different degrees of roughness (figure 7.4). The 1.6 nm Ag films were thermally evaporated at RT 
onto GaAs(100) substrates that were previously exposed to H-plasma for different time intervals. 
The Ag islands having smaller and more irregular size (figure 7.4, upper AFM image) induce the 
largest enhancement of SERS modes relative to the Raman modes (figure 7.4 (a)). A large 
number of similarities in terms of line-shape and relative intensities can be found between the 
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spectra in figure 7.4 (a) and the spectrum of Ag(0.9 nm)/PTCDA(0.32 nm)/S-GaAs (figure 7.3). 
This fact provides a hint on the level of Ag roughness for the case of Ag deposition onto the 0.32 
nm PTCDA film.  
For the determination of frequencies, intensities and FWHM all spectra recorded during the 
Ag deposition onto the PTCDA films were fitted with Lorentzian functions using a least-square 
error algorithm with the same set of starting parameters. An example for the fitting quality can be 
seen in figure 7.5. The same procedure was applied for the Ag/DiMe-PTCDI spectra. The resulting 
parameters are plotted in figure 7.6 for the two most intense SERS bands and one Raman band. 
The relative shifts were obtained by subtracting the frequency position at a given Ag coverage 
from the frequency value observed in the spectrum where the mode occurs for the first time. Thus 
the reference spectrum for the Raman band at 1572 cm-1 is that of the pure organic film, while the 
reference spectrum for the SERS bands at 1243 cm-1, and 1606 cm-1 is that taken after the first Ag 
deposition. Similarly, the relative intensities were calculating by dividing the intensities in the 
spectra at a given coverage to the initial intensities in the reference spectra.  
 
Table 7-1 Frequencies (in cm-1) of SERS bands in the spectra of Ag/PTCDA and Ag/DiMe-
PTCDI (columns 1 and 4) compared with frequencies observed in infrared spectra 
(reflectance from a 40 nm PTCDA film on S-GaAs, 20° incidence angle (column 2) and 
absorbance from DiMe-PTCDI powder embedded in CsI pellets (column 5)) together with 












1243 1236 B1u(ip,y): δCH,νCC 1246 1238 Bu(ip): δCH,νCC 
1270 1264 weak IR active    
1292 1301 ? shifted Ag or B2u(ip,x): δCH,νCC 
   
1338  B3g(ip): νCC,δCH    
1606 1594 B2u(ip,x): νring,δCH 1607 1593 Bu(ip): νring,δCH 
 
The band at 1338 cm-1 was identified in [Kob03] to be a B3g band based on its frequency and 
intensity in the crystal spectra. The bands at 1243 cm-1 and 1292 cm-1 was also observed in the 
spectrum of PTCDA molecules interacting with defects due to Si atoms at the GaAs surface. The 
latter is likely to be a shifted variant of the C-H deformation Ag mode at 1303 cm-1 in the single 
crystal. However, the infrared B2u character of this mode cannot be excluded. The other bands 
correspond to modes that normally show infrared activity (section 2.2.4). To recall the Raman-IR 
selection rules in unperturbed molecular systems the Raman spectra of a 15 nm thick PTCDA/S-
GaAs(100) film (c) and the IR reflectance spectrum of a 40 nm PTCDA/S-GaAs(100) film (b) are 
compared in figure 7.7 (upper part). In table 7-1 the SERS and Raman frequencies are provided 
as they appear after the first Ag deposition (column 1) and the infrared frequencies as determined 
for thick films (column 2). All SERS modes have dominant C-H deformation and C-C stretch 
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character. The transition dipole is oriented in the molecular plane along the short axis ym for the 
mode at 1243 cm-1 and along the long axis xm for the rest. 
The appearance of SERS modes speaks for a break-down of selection rules for the 
molecules in direct contact with Ag. As already mentioned in section 7.1 several mechanisms can 
be responsible for this. A chemical reaction with breaking of molecular bonds and formation of 
new bonds can be excluded since all the SERS bands can be assigned to normal vibrations in 
PTCDA. This supports PES results that showed the formation of an unreactive interface when Ag 
is deposited on PTCDA films [Hir96, Par02]. A static transfer of one elementary charge between 
the Ag atoms and PTCDA molecules can also be ruled out, since the spectral shifts of C-C modes 
(figure 7.6) do not have the large amount of those predicted by theoretical calculations for charged 
PTCDA molecules (see section 4.3.1). This is also in good agreement with PES studies [Par02] 
that evidence an interface dipole of only 0.05 eV at Ag/PTCDA interface which would correspond 
to 0.02 elementary charges transferred to one molecule. We are left with two possibilities: a 
fractional dynamic charge transfer (DCT) or the quadrupole interaction over the field gradients. 
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Figure 7.6 Evolution of FWHM, change in frequency position and relative area for several modes of 
PTCDA (left) and DiMe-PTCDI (right) upon Ag deposition (see text for details on fitting and 
normalizing procedure). 
 
The DCT can be understood as a charge oscillation due to the pushing and pulling of 
electron density to or from the metal as the neighbouring molecule vibrates and it requires 
vibrations that modulate the energy of a molecular orbital which is partially filled and hybridised 
with the substrate electronic wave functions [Per97]. The generated dipole is oriented 
perpendicular to the surface and can couple to an electromagnetic radiation. When PTCDA 
molecules were deposited onto smooth Ag(110) and Ag(111) surfaces, a significant DCT was 
evidenced by means of HREELS and EELS [Tau00, Tau02]. Tautz et al. concluded that a 
hybridisation takes place between the π-orbitals of PTCDA and Ag orbitals. 
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On the other hand, recent PES studies indicate a much lower charge transfer when the Ag is 
deposited onto a PTCDA /S-GaAs film (0.02 elementary charges per molecule) [Par02]. The 
“ground state” model proposed by Lippitsch [Lip84] for SERS effect accounts for the weak charge 
transfer between the molecule and the metal by introducing an additional term in the Raman 
tensor cross section: 




















































Figure 7.7 Comparison between SERS (a), IR (b) and RRS (c) spectra of PTCDA (upper figure) 
and DiMe-PTCDI (lower figure). SERS spectra correspond to the maximum Ag coverage 
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( ) ,gm gn A B Cησ ησ ησ ησα = + +         (7.2) 
The term Cησ describes vibronic coupling between the ground state and other states nearby. For 
PTCDA and DiMe-PTCDI this term is neglected in normal or resonant Raman scattering, since 
there are no states close to HOMO. At the Ag interface, 
the molecular ground state can couple to the occupied 
metal states in the Ag 5sp band (figure7.8). The charge 
transfer modulation does not depend on the symmetry of 
the vibration with respect to the symmetry elements of 
the free molecule but the symmetry elements of the 
entire adsorbate-metal system have to be considered. 
For PTCDA (D2h point group) the appropriate group to 
describe the complex is C2v(z), assuming the molecular 
plane parallel to the cluster surface. According to 
Lippitsch such an adsorption geometry of a D2h molecule 
allows all ungerade modes to become SERS active 
[Lip84]. This is the only model based on dynamic charge 
transfer that provides an explanation for the activation of 
infrared modes in SERS upon the Ag deposition. Lippitsch also showed that upon applying a 
potential on the metal with the purpose to shift the energy levels of the metal with respect to that of 
the molecule, the SERS enhancement can be influenced. In our system it was possible to 
influence the enhancement of modes by changing the excitation energy from 2.54 eV to 2.41 eV 
for the case of 0.16 nm PTCDA is deposited onto a rough Ag film. As it can be seen in figure 7.4 
(a), the result is a slight variation in the relative intensities in particular for the bands at 1243 cm-1 
and 1290 cm-1. For the case of Ag deposition onto a 0.32 nm PTCDA film on S-GaAs(100) the role 
of applied voltage is taken over by the size variation of Ag clusters which is accompanied by a 
variation in the density of states in the ground state electron distribution [Ott92]. In [Lip84] it was 
not specified whether the enhancement of different modes varies in the same manner and how 


















Figure 7.8 Energy band diagram of 
PTCDA/Ag according to [Par02]. 
 
An alternative model that predicts occurrence of Bu modes requires the presence of the 
electromagnetic field gradients in the near vicinity of Ag surface (see section 7.1). No theoretical 
calculations are available to our knowledge for the PTCDA molecule in a variable electric field. 
Taking into account that the molecules having contact with the Ag clusters may be deformed to an 
extent depending on the cluster curvature and the electromagnetic field intensity, we have 
attempted to investigate the effect of the deformation of the molecule on its vibrational properties. 
The calculations were performed with B3LYP functional and 3-21G basis set (Gaussian’98) for 
one PTCDA molecule located in a strong homogenous electric field (5·1013 V/m) oriented 
perpendicular to the molecular plane. Thus any electronic interaction between the PTCDA 
molecules and Ag has been excluded in the calculations. Noteworthy, the electric field of the laser 
at the sample site in the present experiment amounts to 6·104 V/m. The result was a bending of 
the molecule with the anhydride groups pointing out of the molecular plane in the field direction. In 
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terms of frequencies the interaction results in small shifts to lower values: maximum – 6 cm-1 for 
the mode at 1572 cm-1 [Kob02a]. This is well reproduced in experiment where this mode shifts by 
– 6.7 cm-1 with increasing Ag coverage up to 2.2 nm and saturates thereafter (figure 7.6, left). 
However, even considering the amplification of the incident and scattered field by the metal 
clusters the strength of the resultant electric field should not approach the value considered in 
calculations. Whether the field gradients present in the investigated system could cause similar 
molecular deformations it is still an open question. However, the evolution of the signal 
enhancement could be described with such a “short range” electromagnetic enhancement model.  
The electric field gradient of Ag clusters essentially depends on their size (i.e. curvature) and 
their relative distance. For small Ag clusters with radii of 5 nm the plasma resonance is located in 
the blue green spectral region [Fel99]. As soon as the clusters start to percolate the efficiency of 
coupling with the blue excitation light decreases [Fel99]. For the Ag deposition onto a 0.32 nm 
PTCDA film the maximum enhancement in all modes is observed for a Ag coverage between 1.1 
nm and 3.3 nm when their plasmon frequency matches the excitation energy (2.54 eV). Above this 
critical cluster size they are not resonantly coupling with the incident light and the enhancement is 
reduced. Moreover their curvature and hence the field gradient over the molecules is reduced. 
Consequently the Bu modes, assuming that they are activated by the field gradient, may decrease 
in intensity faster than the Ag ones (figure 7.3 and 7.6), explaining the experimental finding. A 
percolation of clusters probably takes place around 7 nm nominal coverage when the smaller 
sized AgGaS2 species at the interface are enhanced. This indicates that the reaction of Ag atoms 
with the S atoms at the GaAs surface takes place even in the presence of an organic interlayer 
with nominal coverage of ~ 1 ML, suggesting that either the organic film is not closed or the Ag 
atoms may diffuse through it. The light absorption in the metal film (penetration depth in Ag is 13.6 
nm at 2.54 eV) is an important factor contributing to the reduction of Raman signal and for a 
nominal thickness of 13 nm the signal intensity goes back to the initial value of the organic film 
before Ag deposition. 
The break-down of selection rules appears also at the Ag/DiMe-PTCDI (0.16 nm) interface. 
Except for the lack of overall enhancement the spectral changes follow a trend similar to 
Ag/PTCDA. Two SERS modes that normally are infrared active occur in the Raman spectra (figure 
7.3 lower part, figure 7.7 and table 7-1). The mode at 1246 cm-1 is enhanced by a maximum factor 
of ~ 2, and the mode at 1607 cm-1 by a factor of 1.2 around 2-3 nm Ag coverage. At the same 
coverage the totally symmetric C-C stretch at 1570 cm-1 goes through a minimum and starts to 
increase again. Thus, as in the case of PTCDA, the mechanisms responsible for the occurrence of 
SERS modes could be a dynamic charge transfer accompanied by a quadrupole interaction with 
the electromagnetic field gradient near the Ag interface. The observation of lower enhancement 
factors for DiMe-PTCDI compared to PTCDA could be a consequence of a lower number of 
molecules in the DiMe-PTCDI film and of a different atomic scale roughness in the Ag films 
deposited onto DiMe-PTCDI and PTCDA.  
Attention must be drawn to the fact that in such thin organic layers molecules having only a 
weak interaction with the passivated GaAs substrate coexist with molecules having a stronger 
interaction with superficial Si dopant impurities and other superficial defects (see chapter 4). From 
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our experiment alone the contribution to the total signal from each type of molecule cannot be 
separated. 
To summarize, the observation of normally Raman forbidden bands in the Raman spectra of 
PTCDA and DiMe-PTCDI MLs upon Ag deposition can be explained using a combination of two 
models: the model of vibration modulated charge transfer involving a weak charge transfer in the 
ground state and the classical model of electromagnetic enhancement over field gradients. The 
dynamic charge transfer model gives an insight in the nature of the interactions at the Ag/PTCDA 
and Ag/DiMe-PTCDI interfaces. The field gradient model provides more direct information on the 
Ag clusters morphology. However, theoretical calculations of large systems consisting of PTCDA 
(DiMe-PTCDI) and Ag clusters are required to estimate the amount of the ground state charge 
transfer and molecular deformation upon the field gradients that would lead to a better quantitative 
match of the calculated and observed direction and amount shifts for all internal vibrational modes. 
It must be pointed out that such low coverages of PTCDA or DiMe-PTCDI are not able to 
prevent the penetration of Ag atoms to the substrate top layers and their reaction with the 
formation of AgGaS2 species (figure 7.1). The evolution of the GaAs band bending with the Ag 
deposition is also not influenced by the presence of such a thin organic interlayer. Thus for 
technological applications thicker organic layers are required to tailor the electronic properties of 
the Ag/S-GaAs Schottky contacts.  
 
7.4 Ag deposition onto 15 nm PTCDA and DiMe-PTCDI films 
 
Ag deposition onto 15 nm thick films of PTCDA and DiMe-PTCDI was monitored in two 
spectral regions (figure 7.9): below 600 cm -1 where the interest is focused on the phonons and 
breathing modes, and between 1200 cm-1 and 1700 cm-1 where the C-H deformations and C-C 
and C=O stretch modes are located. Since the phonon signal of PTCDA is equally strong in 
parallel and crossed polarization the latter configuration is shown because it enables the 
observation of GaAs phonons as well. In the case of DiMe-PTCDI the organic-related modes of 
the film are stronger in the parallel polarization therefore it was chosen for presentation. The 
spectra in the low frequency windows are normalized to the height of the breathing modes at 233 
cm-1 and 221 cm-1 in PTCDA and DiMe-PTCDI, respectively. The normalization of high frequency 
region is done with respect to the C-C stretch modes (1572 cm-1 and 1570 cm-1, respectively). A 
fitting of each set of spectra was performed using Lorentzian peaks, as described in the previous 
section. The dependence of band parameters on the Ag coverage is plotted in figure 7.10 for three 
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Figure 7.9 Raman monitoring of Ag deposition onto 15 nm films of PTCDA (upper figure, cross 
polarization) and DiMe-PTCDI (lower figure, parallel polarization). Low and high frequency spectra 
were normalized with respect to the breathing bands and strongest C-C stretch bands, respectively. 
 
 
Deposition of 0.1 nm Ag already leads to the appearance of the B1u band at 1243 cm-1 and 
the increase in the relative intensity of the B3g mode at 1338 cm-1 whereas the band at 1606 cm-1 
is not well resolved (figure 7.9). These bands were stronger enhanced compared to the Ag modes 
during the Ag deposition onto the ML PTCDA film, therefore they can be considered as the 
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signature of the “first layer effect”, i.e. of the molecules having direct contact with Ag. Even though 
the enhancement factors for the Bu mode at 1243 cm-1 are larger compared to that of the Ag 
modes (figure 7.10), its spectral intensity remains weak compared to that of the Ag modes 
throughout the whole deposition process (figure 7.9). Thus the totally symmetric modes dominate 
the spectra of PTCDA during the Ag deposition onto the 15 nm thick film (figure 7.9). Even among 
the symmetric modes different enhancement factors are observed. For example, the B3g mode at 
430 cm-1 is not enhanced and even among the Ag modes those related to C-H vibrations are less 
enhanced compared to the ring stretching ones. As shown in section 7.1 such section rules point 
towards the long range electromagnetic mechanism of SERS.  
Thus the spectra of Ag/PTCDA(15 nm) consist of a superposition of signals from molecules 
in the “first layer” and molecules having no interaction with the Ag atoms. Considering the low 
intensity of the Bu modes - enhanced via the “first layer effect”- relative to the Ag modes - 
enhanced via the long range electromagnetic effect – it results that only few molecules have 
intimate contact with Ag. This leads to the conclusion that the Ag atoms do not diffuse into the 
PTCDA grains. 
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Figure 7.10 Evolution of FWHM, change in frequency position and relative area for several modes of 
PTCDA (left) and DiMe-PTCDI (right) upon Ag deposition (see text for details on fitting and 
normalizing procedure). 
 
Even though the molecules in the “first layer” contribute with a small fraction to the total 
signal, their signature can be clearly distinguished. Any chemical reaction involving the bonding 
between PTCDA and Ag should lead to a significant increase in the mass of the new complex and 
hence strongly shift the breathing mode at 233 cm-1 and reduce its intensity. The experimentally 
detected shift is not larger than 1 cm-1, while the intensity of this mode increases relative to the Ag 
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mode at 538 cm-1. These facts strengthen the conclusion drawn in the previous section, that a 
chemical reaction between Ag atoms and PTCDA molecules can be excluded.  
In the spectra of Ag/DiMe-PTCDI(15 nm) films again the “first layer effect” and the EME 
mechanisms contribute to the total signal enhancement. The former leads to the enhancement of 
the modes at 1246 cm-1 and 1606 cm-1. The selection rules characteristic for the electromagnetic 
enhancement can be responsible for the fact that the Ag mode at 441 cm-1 is not enhanced, but 
another Ag mode appears at 550 cm-1. The vibrations related to C=O bonds (1610 cm-1 and 1687 
cm-1) as well as the breathing mode at 221 cm-1 survive with increasing Ag coverage. Thus a 
chemical reaction between the Ag and the O atoms of DiMe-PTCDI molecules can be ruled out.  
The broadening of bands could be explained as follows: the EME influences the vibrational 
cross-sections and the vibrational life-time. PTCDA or DiMe-PTCDI molecules closer to the Ag 
boundary feel stronger electric field (section 7.1) that may reduce the life time and increase the 
FWHM.  
Let us now consider the evolution of enhancement factors and the structural information 
contained therein. The signal initially increases with the increase in number and size of Ag clusters 
as their plasmon energy approaches the energy of the laser electromagnetic field. The maximum 
enhancement of PTCDA modes for the Ag/PTCDA(15 nm) system is observed at 11 nm nominal 
Ag coverage (figure7.10, left), probably corresponding to the optimum cluster size for the dipolar 
plasmon resonance. Considering the low roughness of the PTCDA films (~ 2 nm for 40 nm thick 
films and maybe slightly higher for 15 nm thick films) even a percolation of the clusters may take 
place around this critical thickness. Further increase in the Ag thickness leads to increasing size of 
Ag clusters associated with decreasing strength of the plasmon coupling with the incident and 
scattered radiation. The absorption in a closed Ag film also plays an important role in decreasing 
the Raman signal for higher nominal Ag coverage (figure7.10, left). However, even for a Ag 
coverage of 43 nm the signal from PTCDA internal modes is still observed, with about the same 
intensity as for the pure organic film. 
For Ag deposition on DiMe-PTCDI no saturation of the signal intensity was observed up to a 
coverage of 263 nm (figure7.10, right).  
The observation of internal molecular modes in both Ag/PTCDA and Ag/DiMe-PTCDI 
heterostructures for such high Ag coverages is surprising considering that the light penetration 
depth in Ag is 13.6 nm (at 2.54 eV). A first explanation would be that organic molecules float on 
the surface of Ag clusters, but in this case the dominant participation to the signal should come 
from molecules feeling the “first layer effect”, which is contradictory to experimental observations.  
Brouers et al. showed that giant Raman scattering can be observed for any kind of 
percolating systems, even for the case of metals with low penetration depth [Bro97]. The prime 
candidates are systems containing strongly elongated metal inclusions, that was experimentally 
confirmed for the Raman scattering from a semi-contiguous silver film [Gad96]. 
 
 
Chapter 7. Metal/organic interfaces    107 
 
AFM investigations show two types 
of roughness in the 263 nm Ag film on 
DiMe-PTCDI. A class consisting of high 
columnar Ag clusters separated by voids 
(figure 7.11) preserve the shape of DiMe-
PTCDI islands in low coverage films (see 
[Fri03]) therefore it can be assumed that 
these structures cover the organic islands. 
Smaller structures with lateral size of 50-
100 nm can be observed on top of the 
large Ag islands and between them. These 
observations are in agreement with 
previous XRD results that showed that the 
Ag films grown on 15 nm thick DiMe-
PTCDI films have a polycrystalline structure [Par02]. In the same work it was found that the Ag 
films grown on PTCDA are predominantly Ag (111). Such a difference in morphology may explain 
the lower enhancement factors observed for PTCDA compared to DiMe-PTCDI.  
 
Figure 7.11 AFM image of Ag(263 nm)/DiMe-PTCDI  
(15 nm) /S-GaAs(100). 
The enhancement of internal modes is accompanied by a severe increase in the low 
frequency background, reflecting a high degree of surface roughness already from the first stages 
of Ag deposition in both Ag/PTCDA and Ag/DiMe-PTCDI (figure 7.9). That is consistent with an 
increased number of Ag clusters that diffusely scatter the light. Indeed recent PES studies indicate 
the formation of Ag clusters above a nominal coverage of ~ 1nm when deposited on a 10 nm thick 
PTCDA film [Par02]. 
As a result of the increase in the low frequency background the external modes of PTCDA 
apparently smear out above 0.3 nm Ag and are completely screened at 1.3 nm Ag coverage. The 
latter coincides with the complete screening of the Ω- and LO phonons of GaAs. The FWHM of 
PTCDA phonons remains unaffected after depositing 0.1 nm Ag, meaning that the first Ag atoms 
do not diffuse into the PTCDA grains and thus the crystal structure is preserved. Given the strong 
phonon screening it is difficult to draw conclusions regarding the diffusion at later deposition 
stages. For similar Ag coverage (below 11 nm) the increase in the diffuse scattering background 
and the enhancement of internal modes is lower in Ag/DiMe-PTCDI compared to Ag/PTCDA 
(figure 7.9), probably due to the fact that the DiMe-PTCDI film exhibits larger voids between the 
islands that are initially filled by the Ag atoms. Consequently the DiMe-PTCDI phonons remain 
visible though strongly attenuated up to a Ag coverage of ~ 26.5 nm, which is almost double as 
large as the thickness of the organic film. This clearly indicate that the crystalline structure of the 
DiMe-PTCDI domains is not disrupted upon Ag deposition, or in other words that the Ag atoms do 
not diffuse into the DiMe-PTCDI islands. 
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Figure 7.12 Polarized Raman spectra of 15 nm thick films of PTCDA (upper figure) and DiMe-PTCDI 




Another effect of Ag deposition is the break-down of the polarization dependence. Figure 
7.12 compares the spectra taken in parallel and crossed polarization from the organic films with 
those recorded for the Ag(11 nm)/PTCDA(15 nm) and Ag(11 nm)/DiMe-PTCDI(15 nm) systems. 
The observed loss of the polarization dependence can be explained by the depolarization of light 
due to multiple elastic scattering on metal clusters before and after the Raman scattering process 
on molecules [Ott01]. This effect brings an additional argument for the rough morphology of the 
metal layers.  
The high degree of roughness is an undesired effect for technological applications since it 
leads to large effective contact area and might decrease the device performance. Here it was 
shown that the metal/organic interface roughness is mainly governed by the rough morphology of 
the organic film itself rather than the metal diffusion into organic islands. Thus smoother organic 
layers should be prepared, e.g. at lower substrate temperature during growth (see chapter 5).  
 




In this chapter Ag deposition onto RT grown organic films on S-GaAs(100):2x1 was 
characterized in situ by Raman spectroscopy.  
The type of interaction between the Ag atoms and the organic molecules was assessed by 
depositing the Ag onto sub-ML coverages of organic molecules, to ascertain that all molecules see 
the metal.  
• The evolution of GaAs phonons upon Ag deposition onto a reference S-passivated 
GaAs(100):2x1 substrate revealed that a reaction takes place between the Ag and S atoms with 
the formation of AgGaS2 species. 
• The introduction of an organic interlayer with nominal thickness of 1 ML or below does not 
prevent the formation of AgGaS2 species and does not influence on the electronic properties of the 
Ag/GaAs contacts. 
• The development of the internal molecular vibrational bands upon Ag deposition indicate that: 
o The Ag atoms do not disrupt the chemical structure of the PTCDA and DiMe-PTCDI 
molecules. 
o The molecules are likely to undergo a process of dynamical fractional charge transfer 
modulated by molecular vibrations. This results in the experimentally observed 
breakdown of vibrational selection rules. 
 
The structural and morphological properties at the Ag/organic interface were investigated 
upon the Ag deposition onto 15 nm thick organic films. 
• The spectral evolution of the molecular phonons together with the change in the selection 
rules observed for the internal molecular modes reflect that the Ag atoms do not diffuse into the 
organic crystalline islands.  
• Metal clusters are formed on top and between the molecular islands, resulting in a high level of 
roughness. This induces strong electromagnetic enhancement of the Raman signal of internal 
molecular modes predominantly via dipolar plasmon resonance.  
• The Ag films deposited onto 15 nm DiMe-PTCDI films are rougher than those deposited onto 
15 nm PTCDA films. 
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     Chapter 8 
8 Summary 
 
In this work two perylene derivatives are introduced as organic interlayer in 
Ag/organic/GaAs(100) heterostructures in order to evaluate the influence of different end-groups 
on the chemistry and structure at the interfaces, as well as on the organic thin film morphology, 
structure and crystallinity. The molecules of 3,4,9,10-perylene-tetracarboxylic dianhydride 
(PTCDA) and N,N’-dimethylperylene 3,4,9,10-dicarboximide (DiMe-PTCDI) were deposited by 
OMBD onto the S-passivated GaAs(100):2x1 substrates in ultra high vacuum. Furthermore, the 
influence of the substrate on the growth mode of organic films was assessed by studies of PTCDA 
films deposition onto H-passivated Si(100):1x1 substrates. A wide range of techniques was 
employed for the characterization of the hybrid structures (figure 8.1). The main part of the work, 
however, is concentrated on the investigations by means of Raman spectroscopy which is a non-
destructive technique that probes the vibrational properties of the organic films and of the 
semiconducting substrates. Moreover, the existing experimental set-up allows in situ 
characterization of growth processes. 
Metal/Organic/
• Interface chemistry 




Raman spectroscopy, FTIR, XRD
 Crystalline phases
XRD, Raman spectroscopy








Figure 8.1 Schematic diagram of the properties of metal/organic/semiconductor heterostructures 
accessible through the combination of experimental methods (bold underlined letters) employed in 
this work.  
 
Characterization of HeterostructuresSemiconductor
Experiments performed on single crystals and thick films clearly demonstrate the sensitivity 
of the resonant Raman and infrared spectroscopies to the chemical specificity induced by the 
replacement of a O atom in PTCDA with a N-CH3 group in DiMe-PTCDI. The assignment of each 
vibrational mode to the vibration of a specific group of atoms in the molecules was performed by 
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comparing the experimental spectra with the results of theoretical calculations with density 
functional methods B3LYP:3-21G (Gaussian’98). Such an approach was applied to DiMe-PTCDI 
for the first time. Furthermore, the low-frequency Raman spectra of single crystals contain modes 
that can be ascribed to external vibrational modes, or molecular phonons. Their presence is a 
finger print of a monoclinic crystalline molecular arrangement with two molecules per unit cell, as 
XRD confirmed for both PTCDA and DiMe-PTCDI. This work reports the first observation of the 
molecular phonons of DiMe-PTCDI in a Raman experiment. 
The interface formation between the organic films and the semiconductor substrates was 
followed by Raman spectroscopy under resonant excitation with the S0-S1 absorption of the 
organic molecules. This allows the detection of the most intense internal molecular vibrations 
having C-H deformation and C-C stretching character even for sub-monolayer coverages.  
In order to investigate the strength of the molecule-substrate bonding, samples of PTCDA 
and DiMe-PTCDI with thicknesses larger than 10 nm were annealed above the temperature of 
desorption for organic multilayers. The thickness of the remaining film was estimated from the 
intensity of the C-C stretching bands to be less than 1 ML in each case, which is an indication that 
the remaining molecules most likely stick to defects on the GaAs surface. The similarity of these 
Raman spectra with those of the annealed films on Si(100) surfaces indicate that the GaAs 
surface defects are mainly due to Si dopant atoms. These molecules preserve their chemical 
structure, the interaction with the substrate taking place via fractional charge transfer.  
The Raman signature of the molecules interacting with defects being known, the organic film 
deposition was monitored at RT. Thus it was found that after the defects are saturated, the 
molecules interact with the passivated surface with strength comparable to the inter-molecular 
interactions. Complementary information on the electronic properties of organic/GaAs interfaces is 
provided by the GaAs LO and plasmon-coupled LO phonons. Their relative intensity does not 
change upon organic film growth at RT, reflecting that the electronic band bending in the GaAs 
substrates remains unaffected. 
Besides the influence of the substrate, the effect of substrate temperature on the growth 
mode of the two organic molecules was investigated. AFM and SEM studies show that all the 
organic films prepared at temperatures up to 410 K with deposition rates of (0.24 ÷ 0.3) nm/min 
consist of islands. Raman spectroscopy reveals through the presence of external modes that 
these islands have a crystalline character. An interesting effect was noticed for the first time in 
organic films. The FWHM of phonon bands decreases with increasing substrate temperature 
during growth. This effect is already well known in inorganic semiconductor systems and can be 
related to an increase in the size of the crystalline domains and improvement of crystallinity. The 
structural and morphological evolution of films leads, on the other hand, to increasing PL efficiency 
reflected in the high frequency background of the Raman spectra. At macroscopic scale, the 
increase in the size of the crystalline domains leads to a roughening of the films reflected by the 
increasing background in the low frequency region of the Raman spectra and confirmed by the 
AFM and SEM studies. Thus a general trend can be remarked: in thin polycrystalline organic films 
deposited by OMBD onto passivated semiconductor substrates the island size increases and the 
number of structural defects is reduced with the substrate temperature during the growth process.  
 
Structural information about the films grown at various temperatures was obtained from XRD 
and Raman spectroscopy. All PTCDA films consist of a mixture of two polymorphs: α and β. A 
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method to estimate the relative content of the two phases from the deconvolution of the (102) XRD 
peak on one hand, and the fitting of a pure C-H deformation Raman mode, on the other hand, is 
proposed. It could thus be revealed that the content of α- phase is larger in the films grown at RT 
on H-Si(100):1x1 compared to those grown on S-GaAs(100):2x1. In both cases the ratio of α- to β- 
content is larger than one. The silicon substrates kept at elevated temperatures favour the growth 
of α- at the expense of the β-phase, while the situation is reversed in the case of GaAs substrates.  
The molecular orientation in PTCDA films was deduced from XRD results. It was found that 
the molecules of PTCDA lie almost flat on both substrates. Even though not accessible by XRD a 
high degree of order in the molecular orientation in DiMe-PTCDI/S-GaAs(100):2x1 film was 
reflected by a high anisotropy of the Raman and infrared spectra. Therefore DiMe-PTCDI is an 
excellent model system for developing a method to determine the molecular orientation based on 
the analysis of the polarization dependent vibrational spectra. Taking into account two molecules 
with their relative angular orientation as in the monoclinic crystal it was obtained that the (102) 
crystalline planes are tilted with an angle θ = 56°±4° with respect to the surface plane. The 
projections of the xm molecular axes of the two molecules onto the substrate plane form the angles 
χ1 = - 7°±5° and χ2 = - 48°±11° with the [011] axis of the substrate. 
In order to characterize the chemistry, structure and morphology of Ag/perylene derivatives 
interfaces two types of experiments were performed. The type of interaction between the Ag 
atoms and organic molecules was assessed upon the Ag deposition onto monolayer or even sub-
monolayer coverages of organic films on S-GaAs(100):2x1. The spectral signature of the 
molecules in direct contact with the Ag being known, the Raman spectra of thicker organic films 
(15 nm) were followed upon Ag deposition to distinguish the manifestation of structural and 
morphological properties, i.e. interdiffusion and roughness. It was found that the Ag atoms do not 
disrupt the chemical structure neither of the PTCDA nor of the DiMe-PTCDI molecules, but the 
molecules in direct contact with the Ag atoms are likely to be involved in a process of dynamical 
fractional charge transfer modulated by molecular vibrations.  
When Ag is deposited onto thicker organic films conclusions regarding interdiffusion of the 
metal can be drawn from the comparison of the break-down of the selection rules for the internal 
modes and the spectral evolution of the external molecular modes: the Ag atoms do not diffuse 
into the organic crystalline islands, but form clusters on top and between the organic islands. This 
results into a high level of roughness of the metal film in the Ag/PTCDA(15 nm) and Ag/DiMe-
PTCDI(15 nm) heterostructures. Consequently, a significant enhancement of Raman internal 
vibrational modes of both molecules is observed as a result of metal induced surface enhanced 
Raman scattering (SERS) via dipolar plasmon resonance. The enhancement factors observed for 
the internal modes reflect a higher roughness of the metal films which are deposited onto DiMe-
PTCDI compared to PTCDA films. However, further experimental studies combined with 
theoretical simulations are required in order to establish a quantitative relation between the 
enhancement factors and the metal film structure. The enhancement of the Raman scattering 
associated with the non-reactive character of the Ag/organic interface proven in this work leads to 
the suggestion that Ag can be an ideal probe for the investigation of interface formation of other 
metals with molecular thin films, e.g. for the case of alkali doped organic films of large band gap 
materials, like Alq3 or 6P.  
 




Raman tensors for selected symmetry classes in the molecular and main-crystal-axes 
coordinate system. 
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